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 « La reconnaissance est la mémoire du cœur » 
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« Caminante, son tus huellas 
el camino y nada más; 
Caminante, no hay camino, 
se hace camino al andar. 









Carbon	materials	 are	 suitable	 for	many	applications	since	 they	may	exhibit	 exceptional	 and	
versatile	 physical	 (electrical,	 thermal,	 and	mechanical)	 properties.	 Those	were	 found	 to	 be	











is	 typical	 of	 their	 carbon	 nanotube	 counterparts.	 They	 also	 show	 interesting	 thermal	 and	
electrical	properties	providing	graphene	layers	are	perfectly	aligned	with	respect	to	the	cone	
axis.	 All	 of	 this	 can	 make	 conical	 forms	 excellent	 candidates	 for	 a	 variety	 of	 applications	
spanning	 from	nanoelectrodes,	high	surface	area	adsorbing	materials	electron	emitters,	and	
probes	for	near-field	microscopies	(so-called	scanning	probe	microscopies	-	SPM).		
CEMES	has	been	 studying	 for	several	 years	 the	 formation	of	 a	variety	of	 carbon	nanocones	
based	 on	 the	 deposition	 of	 pyrolytic	 carbon	 onto	 individual	 carbon	 nanotubes	 as	 support.	
Although	 the	 formation	mechanisms	may	 still	 be	 debated,	 they	were	 successfully	 tested	 as	
electron	emitters	in	a	previous	work,	actually	allowing	designing	a	cold-field	emission	electron	
source	 with	 the	 best	 performances	 ever.	 This	 background	 was	 an	 excellent	 motivation	 to	
investigate	the	same	carbon	nanocones	for	another	promising	application,	namely	as	probes	
for	SPM.	For	SPM,	which	aims	at	acquiring	high	resolution	images	of	three-dimensional	features	






related	 to	 the	 synthesis	 processes	 and	 subsequent	 technical	 issues.	 Indeed,	 few	 studies	 are	
reported	about	the	synthesis,	properties	and	applications	of	conical	carbon	forms.	Needle-like	
conical	 forms	 can	 be	 produced	 by	 many	methods	 such	 as	 CVD,	 plasma,	 etc.	 Most	 of	 these	
processes	are	 limited	either	 in	yield,	density,	control	of	 the	geometric	shape,	control	on	the	










promising	 perspective	 but	 also	 as	 a	 challenge	 to	 meet.	 Additionally,	 the	 literature	 is	 quite	
limited	regarding	the	variety	of	the	SPM	modes	which	conical	carbon	probes	were	tested	for.	






• Chapter	 2	 depicts	 the	 original	 CVD-growth	 process	 used	 for	 the	 high	 yield	 synthesis	 of	
unique	 carbon	 cone-bearing	 morphologies	 with	 controlled	 geometry	 and	 dimensions,	
named	 Spiky	 Bead	 (SB)	 and	 Spiky	 Short	 Fibers	 (SSF).	 The	 carbon	 cone	 inner	 structure,	
texture,	and	nanotexture	 is	studied	by	scanning	electron	microscopy	(SEM),	 transmission	




SPM	 probes.	 The	 carbon	 cones	 once	 mounted	 as	 probes	 are	 characterized	 by	 different	
techniques	(SEM,	TEM,	Raman).	
• in	Chapter	4,	the	nanocone	morphologies	mounted	as	SPM	probes	are	evaluated	for	diverse	
electrical	 and	 non-electrical	 SPM	 modes,	 by	 considering	 a	 variety	 of	 criteria	 such	 as	
performance,	durability	and	versatility	of	the	probes.	All	along	these	tests,	comparisons	with	
metal	or	commercial	silicon	probes	are	also	performed.	
• Finally,	 a	 section	 dedicated	 to	 the	 conclusions	 and	 perspectives	 highlights	 the	 main	
findings	 concerning,	 on	 the	 one	 hand,	 the	 synthesis	 mechanisms	 of	 the	 conical	 forms	
presented	 in	this	work,	and	on	the	other	hand,	 their	performances	as	 tips	 for	each	of	 the	


















« Douter est le début de la sagesse. 
Douter nous amène à nous interroger, et 





















Carbon	 is	 an	outstanding	material	with	 interesting	physical	 and	mechanical	properties.	The	
first	evidences	of	carbon	forms	were	related	to	either	so-called	"amorphous"	carbon	(later-on	
actually	discovered	 to	often	be	graphenic	and	turbostratic,	 instead	of	 really	amorphous),	or	







Later	 on,	 sp-hybridized	 carbon	 atoms	 were	 found	 to	 adopt	 linear	 [3Hu2009]	 or	 loop	
[4Fang2019]	 forms,	 although	 specific	 conditions	 have	 to	 be	 fulfilled	 for	 their	 synthesis	 and	
observation	due	to	the	high	instability	of	the	configuration.	All	of	these	are	carbon	forms	with	
distinctive	 features	 and	 properties,	 because	 of	 the	 unique	 carbon	 atomic	 structure	 and	






graphene	 (fullerenes	 [7Kroto1985])	or	multigraphene	 (shells	 [8Saito1995])	walls,	which	
carbon	blacks	could	also	somehow	belong	to	[9Donnet1993],		
• 1D:	 chains	 of	 nanoparticles	 (as	 for	 some	 carbon	 blacks	 [9Donnet1993]),	 filaments	 (e.g.	
nanotubes,	 either	 single-walled	 [10Endo1976,	 11Iijima1993,	 12Bethune1993]	 or	 multi-
walled	[[13Radushkevich1952,	14Iijima1991]	and	nanofibers	[15Rodriguez1995])	
• 2D:	 flakes,	e.g.	graphene	(either	single	 layered	[16Geim2010],	or	multi-layered	whatever	
the	 structure	 (i.e.,	 either	 turbostratic	 or	 graphitic	 [17Monthioux2017]),	 nanoribbons	
[18Terrones2010],	etc.		
• 3D:	"trees"	[19Ajayan2000],	foam	[20Wu2015],	glassy	carbons"	[21Harris2004],	etc.	
Among	 this	 large	 typology	 are	 also	 conical	 graphenic	 forms,	 which	 can	 occur	 in	 nature	
[22Jaszczak2003,	 23Glad2014]	 or	 result	 from	 various	 synthesis	 processes	 [24Eksioglu2006,	
25Dumpala2008].	 The	 texture	 (i.e.,	 the	 way	 graphene	 layers	 display	 in	 the	 morphology	










apex	 angles	 can	 be	 formed.	 Of	 course,	 some	 particular	 carbon	 deposition	 conditions	 (e.g.	
precursors,	growth	rate,	temperature,	carbon	concentration,	etc.)	during	the	growth	process	
can	play	a	key	role.	However,	the	related	growth	mechanisms	and	the	reasons	why	graphene	
layers	 adopt	 a	 particular	 configuration	 with	 respect	 to	 the	 cone	 axis	 remain	 not	 clearly	
understood.		
The	 first	 evidence	 of	 the	 synthesis	 of	 conical	 forms	 was	 reported	 by	 Bacon	 in	 the	 sixties	
[28Bacon1960,	and	earlier	references	within].	Since	then,	other	conical	carbon	morphologies	
were	 produced	 and	 published	 in	 the	 literature,	 again	 based	 on	 a	 large	 variety	 of	
crystallographic	 structures	 (either	 related	 to	graphite,	 or	diamond,	or	amorphous)	and	also	
able	to	exhibit	a	large	versatility	in	texture.	
In	 addition	 to	 the	 intrinsic	 interest	 of	 understanding	 why	 and	 how	 such	 amazing	
morphologies	may	form,	carbon	cones	may	exhibit	a	specific	interest	for	some	applications	over	
other	 carbon	morphologies,	 e.g.	 carbon	 nanotubes	 in	 first	 place.	 In	 spite	 of	 this,	 from	 our	
knowledge,	review	papers	attempting	to	categorize	carbon	conical	forms	with	respect	to	their	
growth	mechanisms,	and/or	synthesis	processes,	and/or	structures/textures,	and/or	potential	
applications	 are	 only	 few	 and	 partly	 unsatisfactory,	 although	 they	 are	 quite	 useful	
bibliographical	 sources:	 [27Dimovski2017]	 is	 not	 exhaustive;	 some	 hints	 about	 structural	
models	are	given	in	[24Eksioglu2006]	but	this	publication	was	published	more	than	10	years	
ago	and	may	need	updating,	it	also	proposes	too	many	categories	which	make	the	landscape	
confusing,	 and	 we	 believe	 that	 a	 simplification	 is	 possible;	 a	 book	 chapter	 about	 carbon	
microtubes	 and	 cones	 [25Dumpala2008]	 focuses	mainly	 on	 synthesis	 process	 aspects;	 then	
finally,	the	most	recent	review	paper	on	conical	carbon	forms	mainly	concerns	nanohorns	and	
their	chemical	applications	[29Karousis2016].			
We	 therefore	 propose	 in	 this	Chapter	 an	 updated,	 tentatively	 exhaustive	 review	on	 the	
typology	of	 carbon	conical	 forms,	 the	various	ways	 for	generating	 them,	and	 their	potential	
applications.	However,	 a	 key	 issue	 to	 solve	 prior	 to	 start	 the	work	was	 to	 determine	what	
criterion	the	various	cones	dug	out	from	the	literature	should	be	sorted	by.	After	considering	




The	 present	Chapter	 is	 focused	 on	 carbon	 conical	morphologies,	hence	 it	will	 not	 include	 a	












the	 introduction	 of	 disclinations	 and/or	 dislocations	 in	 the	 graphene	 lattice	 [30Harris1977,	
31Rozhkov2018];	 (ii)	 textural,	 i.e.	 related	 to	 the	 overall	 relative	orientation	 of	 the	 graphene	
stacks	with	respect	to	the	cone	axis	with	no	relation	with	any	structural	defect;	and	(iii)	process-







recent	 review	 paper	 [29Karousis2016],	 yet	 it	 is	 focused	 on	 conical	 carbon	 forms	 so-called	
"nano-horns"	 (see	 below).	 It	 is	 useless	 to	 rephrase	 this	 excellent	work;	 hence	we	will	 just	














the	 geometrical	 parameters	 that	 can	 determine	 the	way	 and	 degree	 of	 curvature	 of	 conical	




graphene	 surface,	 no	 example	 corresponding	 to	 case	 (a)	 in	Fig.1	 (obtainable	 by	 coupling	 a	
screw	and	a	wedge	dislocations)	has	been	found	yet.	On	the	other	hand,	cases	(b)	and	(c)	in	
Fig.1	 appear	 to	be	 quite	 common	 in	 the	 literature,	 and	correspond	 to	 the	 introduction	of	 a	









angles	 are	 indeed	 formed	 by	 the	 incorporation	 of	 pentagons	 within	 the	 graphene	 lattice	
because	of	 the	creation	of	a	wedge	disclination.	This	disclination	corresponds	to	topological	
defects,	 constrained	 by	 the	 periodic	 structure	 of	 the	 crystal,	 here	 the	 graphene	 lattice	
[30Harris1977].	 Considering	 the	 hexagonal	 periodicity	 of	 the	 graphene	 lattice	 (six-fold	
symmetry),	the	only	way	of	creating	this	disclination	without	altering	the	lattice	is	by	removing	
a	wedge	portion	from	the	graphene	sheet,	the	wedge	angle	being	a	multiple	of	the	sixth	of	a	






























pentagons,	 half	 a	 sphere	 and	 a	 full	 sphere	 will	 be	 created,	 respectively.	 For	 a	 number	 of	
pentagons	in-between	(7	to	11),	a	curved	surface	will	be	created	with	no	chance	for	it	to	close.		
There	 have	 been	 several	 attempts	 in	 the	 literature	 to	 classify	 such	 a	 family	 of	 single	
graphene	cones	by	discriminating	between	the	various	possibilities	of	combining	the	pentagons	
and	other	geometrical	considerations	[38Balaban1994,	39Klein2006].	However,	they	are	pure	




from	 which	 researchers	 started	 to	 play	 with	 the	 amazing	 geometry	 rules	 that	 govern	 the	
construction	of	curved	surfaces	from	the	combination	of	hexagons,	pentagons,	and	heptagons.	









mild	 oxidation	 conditions	 (CO2	 flow,	 850°C),	 and	 finally	 very	 high-temperature	 treatment	
(2500-3500	K)	by	electron	bombardment	under	vacuum.	It	is	likely	that	the	oxidation	step	has	





induced	 re-evaporation	 of	 the	 soot	 material	 and	 subsequent	 carbon	 redeposition	
[40Klabunde1994]	as	the	observed	nanocones.	It	is	worth	noting	that	the	graphenic	nature	of	
those	nanocones	was	actually	not	demonstrated	at	that	time,	but	was	just	presumed	from	the	
high-resolution	 transmission	 electron	microscopy	 (HRTEM)	 images,	 basically	 based	 on	 the	
guessing	that	the	conical	nanomorphologies	could	not	be	otherwise	than	graphene-based,	once	
the	 chemical	 nature	 of	 the	 starting	 material	 and	 the	 characteristics	 of	 the	 other	 phases	






while	 demonstrating	 that	 such	 morphologies	 could	 be	 produced	 in	 significant	 quantities	
[41Iijima1999].	The	paper	reported	results	from	electron	diffraction	and	electron	energy	loss	
spectroscopy	(EELS),	although	no	diffraction	pattern	nor	EELS	spectrum	were	actually	shown.	
Although	 the	 comment	 on	 the	 diffraction	 patterns	 was	 partly	 wrong	 (the	 patterns	 could	
definitely	not	be	that	of	"polycrystalline	graphite"),	the	graphenic	nature	of	the	morphologies	
was	ascertained.		
In	 both	 Harris's	 and	 Iijima's	 experiments,	 nanohorns	 were	 obtained	 roughly	 following	
similar	 conditions,	 from	 the	evaporation	 (by	arc	or	 laser)	of	graphite	 (or	HOPG)	 in	reduced	
pressure	(of	Ar	or	He),	i.e.,	conditions	similar	to	that	used	to	produce	fullerenes.	Due	to	their	
single-graphene	nature,	nanohorns	aggregate	in	order	to	tentatively	share	their	π	electrons,	i.e.	
the	 cohesive	 forces	are	van	der	Waals	ones,	 the	 same	way	as	 single	wall	 carbon	nanotubes	
(SWCNTs)	aggregate	 into	bundles.	However,	unlike	SWCNTs,	nanohorns	have	a	much	 lower	
aspect	ratio	and	are	geometrically	all	different	from	each	other,	with	a	surface	including	both	
positive	 and	 negative	 curvatures,	 hence	 they	 gather	 into	 aperiodic	 ball-like	 nanoparticles	
(Figs.3a-3b),	 as	 opposed	 to	 SWCNTs,	 which	 are	 able	 to	 gather	 into	 bundles	 presenting	
crystallographic	periodicities.		
In	[41Iijima1999],	a	 typical	nanohorn	was	described	as	a	2-3	nm	cylindrical	 tube	with	a	
length	 of	 30-50	 nm	 and	 a	 terminal	 conical	 shape	with	 a	 cone	 angle	 of	~20°	 (revealing	 the	
presence	of	5	pentagons).	However,	if	nanohorns	were	really	all	alike,	they	would	aggregate	
differently,	i.e.,	according	to	somehow	periodic	assemblies.	In	fact,	nanohorns	have	to	be	seen	
as	 carbon	 atoms	 condensing	 into	 a	 graphene	 lattice	while	 attempting	 to	 curve	 into	 a	 close	
surface	in	order	to	eliminate	dangling	bonds	as	quick	as	possible,	but	which	failed	becoming	
nanotubes	because	no	 catalyst	was	 there	 to	help.	Therefore,	 they	exhibit	 a	whole	variety	of	
morphologies,	 which	 may	 include	 any	 of	 the	 whole	 range	 of	 cone	 angles	
[42SuarezMartinez2013]	hypothesized	in	Fig.2c,	as	well	as	heptagons	[6Harris1994].	Of	course,	
this	observation	may	vary	with	the	synthesis	conditions.		
Because	 they	 always	 gather	 and	 overlap	 into	 ball-like	 nanoparticles,	making	 observing	
both	 nanohorn	 ends	difficult,	 it	was	 questioned	whether	 they	were	 fully	 closed	 surfaces	 or	
might	possibly	be	opened	at	the	end	opposed	to	the	sharpest	conical	end.	The	latter	option	was	
ruled	out	once	BET	measurements	have	provided	 specific	surface	areas	 in	 the	 range	of	300	
m2/g	 [43Murata2000],	 which	 can	 be	 expanded	 by	 a	 factor	 of	 3	 to	 4	 upon	 oxidation	
[44Murata2001,	 45Bekyarova2003,	 46Utsumi2005],	 obviously	 due	 to	 the	 opening	 of	 the	



















































and	moreover	 thanks	 to	 the	 subsequent	 large-scale	 synthesis	 of	 conical	morphologies	with	
similar	textures	exhibiting	the	whole	distribution	of	discrete	cone	angle	values	of	Fig.2c	that	
was	reported	few	years	later	by	[36Krishnan97].		































From	 the	 texture	point	of	 view,	 each	 cone	can	be	described	by	a	 stack	of	 similar	single	
graphene	 cones,	 such	 as	 a	 pile	 of	 more	 or	 less	 pointy	 cones	 (Fig.6a).	 However,	 a	 close	
examination	of	the	morphologies	in	Fig.5	and	further	studies	[54Naess2009]	showed	that	the	
edge	line	of	the	open	base	of	the	cones	tends	to	polygonize,	hence	suggesting	a	tendency	of	the	



























for	 the	 synthesis	 of	 single-graphene	 nanohorns	 in	 both	 [6Harris1994]	 and	 [41Iijima1999]	
experiments	may	rapidly	generate	pentagon-rich	closed	graphene	structures.	Indeed,	because	




intuitive	 that	 the	 formation	 of	 pentagons	 is	 favored	 in	 the	 conditions	 (high	 temperature,	
enhanced	pressure,	H-rich	atmosphere)	to	grow	nanocones	and	nanodiscs	in	[36Krishnan1997]	
experiments.	However,	all	the	experiments,	including	others	such	as	the	induction	heating	used	
by	 [52Pagura2010]	 to	 produce	 nanohorns	 share	 the	 use	 of	 high	 temperatures	 (several	
thousand	 degrees),	 and	 steep	 temperature	 gradients,	 which	 therefore	 appear	 as	 the	 key	




It	 is	 noteworthy	 that	 there	 is	 no	 doubt	 that	 the	 multiwalled	 nanocones	 described	 by	
[36Krishnan1997]	obey	the	"cone-stack"	model,	i.e.	they	definitely	cannot	be	a	single	graphene	
sheet	 coiled	 around	 the	 axis	 as	 a	 helix	 (the	 "cone-helix"	 model,	 see	 next	 Section)	 for	 the	
following	 reasons:	 (i)	 the	 cone	 angle	 values	 experimentally	 observed	 are	 discrete,	 and	
correspond	 to	 that	 predicted	 for	 an	 increasing	 number	 of	 pentagons	 from	1	 to	 5;	 (ii)	 cone	
surfaces	do	not	exhibit	any	step	line;	(iii)	The	conical	wrapping	of	a	graphene	disk	over	itself	as	
exampled	 by	 Fig.6d	 by	 forming	 one	 pentagon	 at	 the	 center	 [60Amelinckx1992]	 is	 unlikely	





of	 partly	 completed	 outer	 layers	 covering	 the	 cones	 [54Naess2009]	 and	 the	 disks	
[61Garberg2008].		
Item	(iv)	above	 is	 important	as	 it	demonstrates	 that	carbon	atoms	somehow	add	to	the	
graphene	faces	first,	which	is	in	contradiction	with	what	is	usually	considered	in	the	literature	
since	 the	 early	 studies	 of	 so-called	 carbon	 whiskers	 and	 even	 pyrolytic	 carbon	 deposition	
[63Sears1959,	64Gillot1968,	65Fitzer1991],	which	assume	that	the	growth	direction	is	favored	
parallel	to	the	graphene	face	(i.e.,	carbon	atoms	add	on	the	graphene	edge).	This	is	particularly	
true	 in	 conditions	 of	 fast	 growing.	 Actually,	 edge	 growth	 probably	 occurs	 meanwhile	 for	
nanocones	and	nanodiscs	as	well,	as	it	is	a	way	an	additional	layer	may	complete,	after	the	first	
seed	of	it	has	formed	(see	Fig.5f).		


















(or	 "fishbone-type")	 carbon	 nanotubes	 are	 formed,	 the	 other	 one	 being	 the	 cone-helix	
configuration	 that	 will	 be	 discussed	 in	 the	 next	 Section	 2.1.2.	 Such	 herringbone	 nanotube	
morphologies,	 hence	 built-up	 from	 the	 lampshade-stack	 configuration,	 are	 actually	 largely	







together	 by	 van	 der	 Waals	 forces	 only,	 as	 for	 genuine	 graphite	 or	 platelet	 nanofibers	
[66Monthioux2007].	 Even	more,	 as	 all	 the	morphologies	 in	 [67Kiselev1998,	 68Terrones2001,	
69Endo2002,	70Endo2003]	were	prepared	for	TEM	once,	it	is	likely	that	they	were	subjected	to	
























growth	of	a	crystalline	phase	 in	conditions	of	 low	supersaturation	of	 the	medium	(although	
adding	 a	 catalyst	may	 change	 the	 latter	 condition).	 A	 similar	 growth	mechanism	was	 then	
suspected	 for	carbon	as	soon	as	whisker-like	morphologies	were	 found,	as	early	as	 in	1957	
(referring	 to	 the	work	 presented	 by	Tsusuku	at	 the	 3rd	 International	 Carbon	Conference	 in	
Buffalo1,	 mentioned	 in	 subsequent	 papers).	 According	 to	 Tsusuku,	 and	 subsequently	 to	
[22Jaszczak2003,	34Double1974,	64Gillot1968,	75Haanstra1972]	in	first	place,	and	then	many	
others	 [76Dong20022,	 27Dimovski2017,	 59Zhu2017,	 78Kulitskiy2019],	 conical	 morphologies	
(most	of	them	nanotubes)	of	this	type	could	be	explained	by	a	helical	model	in	which	a	single,	
continuous,	ribbon-like	graphene	layer	is	helically	wrapped	around	the	elongation	axis	of	the	
morphology	 (sketched	 in	 Fig.7c).	 This	 rotation	 generates	 overlapping	 angles	 within	 a	
continuous	 range	 of	 possible	 angle	 values	 that	 depend	 on	 the	 extent	 of	 overlapping.	 This	
induces	the	formation	of	conical	entities	with	a	variety	of	apex	angle	values	(0°-180°),	i.e.,	not	
limited	 to	 the	 five	 angle	 values	 generated	 by	 the	 incorporation	of	 an	 increasing	 number	 of	
pentagons	(Fig.2c),	although	a	higher	occurrence	of	specific	overlapping	angles	corresponding	

























Cutting	 the	 lattice	 along	 a	 radius	 and	 then	 making	 both	 free	 edges	 overlap	 is	 enough.	
Therefore,	qsector	=	0	is	possible,	as	well	as	any	other	angle	value	(although,	in	practice,	a	
graphene	 portion	 large	 enough	 for	 allowing	 overlapping	 should	 be	 left).	 Likewise,	 if	 a	
sector	is	removed,	the	overlapping	is	not	necessary.	It	is	enough	to	put	the	free	edges	in	
contact	and	then	shift	the	two	edges	vertically	away	from	each	other,	and	then	start	the	
overlapping	second	coil	 from	the	 free	edge.	Hence	qoverlap	=	0	 is	also	possible	(of	course,	
qsector	=	qoverlap	=	0	would	result	 in	a	screw	configuration	with	no	conical	angle	and	then	
similar	 to	a	parking	 ramp	where	 the	graphene	 remains	perpendicular	 to	 the	elongation	
axis).	Therefore,	 the	variability	 in	both	qsector	and	qoverlap	enables	a	continuous	variety	of	
cone	angles.	However,	when	 the	 sum	of	 the	 sector	and	overlapping	angles	equals	some	




















was	 definitely	 and	 beautifully	 demonstrated	 by	 Vera-Agullo	 et	 al.	 [80VeraAgullo2007],	 who	
were	able	to	grab	the	extremity	of	the	coil	of	a	catalytically-grown	herringbone	type	nanotube	






a	 single	 graphene	 ribbon	 that	 can	 be	 continuously	 unwrapped	 over	 a	 length	 of	 several	 micrometers	
[80VeraAgullo2007].	
	
What	 is	 possible	 for	 nanotubes	 should	 be	 possible	 for	 cones	 as	 well.	 We	 note	 that	 Fig.8b	
suggests	that	the	ribbon	is	a	single	graphene,	but	it	can	also	be	multilayered	[81Motojima1995].	
Whatever,	 it	 is	 then	 ascertained	 that	 both	 the	 cone-stack	 (Section	 2.1.1)	 and	 the	 helically-
wrapped-ribbon	 (cone-helix)	 configurations	 exist.	 One	 way	 to	 discriminate	 between	 both,	






pointed	 out	 in	 [24Eksioglu2006,	 59Zhu2017],	 it	 is	 quite	 difficult	 to	 discriminate	 between	
individually	 stacked	conical	graphenes	 (e.g.,	 the	 cone-stack	 configuration	of	 the	multiwalled	











situation	 is	actually	 the	same	for	 the	cone-stack/lampshade-stack	models,	which	were	often	
merely	claimed	despite	the	lack	of	experimental	evidences).	Of	course,	the	conical-helix	model	
could	account	for	almost	all	the	existing	conical	morphologies.	Sometimes,	there	are	enough	
evidences	 for	 that	 indeed.	 For	 example,	 in	 the	 naturally-formed	 carbon	 cones	 described	 in	













The	early	work	by	Roscoe	et	al.	 [82Roscoe1973]	 is	 interesting	because	 it	provides	a	unique	
example	of	a	conical	morphology	based	on	a	non-basal	screw-dislocation	(Fig.9c)	for	which	the	





On	 the	 other	 hand,	 the	 assumption	 for	 this	 configuration	 in	 the	 literature	 may	 be	
questioned	 in	 several	 instances,	 and	 the	 same	 way	 as	 the	 screw-dislocation-based	 growth	
theory	for	metallic	whiskers	proposed	in	the	early	days	[74Peach1952]	has	more	recently	been	




were	prepared	 following	different	 conditions	 (solid	 carbon	source	+	Fe	 traces	+	2800°C	 for	









if	 the	 morphologies	 were	 obeying	 the	 cone-helix	 model?	 Fig.8	 shows	 that	 cone-helix	
morphologies	should	dismantle	–	assuming	that	they	would	-	as	a	ribbon-like	morphology,	but	
nothing	alike	was	found	in	the	papers	cited.	Therefore,	it	is	more	likely	that	these	morphologies	
are	 of	 the	 cone-stack	 model	 and	 should	 have	 better	 been	 placed	 in	 previous	 Section	 2.1.1.	
However,	on	the	other	hand,	two	observations	could	support	the	cone-helix	model	indeed:	(i)	
cone	apex	angles	are	in	the	range	135-155°3,	i.e.	larger	than	the	largest	value	allowed	for	a	cone-






values	 (Fig.2c)	 mistakenly	 neglects	 the	 ability	 of	 C-C	 bonds	 in	 graphene	 to	 accommodate	
strains	[72Després1995,	73Després2002],	specifically	when	truncated	cones	(with	empty	core)	
























graphene	 surface.	 (a)	 (e)	 (f)	 are	 from	 [64Gillot1968],	 (b)	 (g)	 (h)	 are	 from	 [75Haanstra1972],	 (c)	 (d)	 are	 from	
[84Lin2007a].	
	
Overall,	 it	 comes	 out	 that	 the	 discrimination	 between	 the	 cone-stack	 and	 the	 cone-helix	
configurations	is	still	not	clear,	and	that	further	studies	are	still	needed	to	understand	more	





crystals"	 since	 electron	 diffraction	 patterns	 did	 not	 show	 any	 evidence	 of	 the	 3D	 graphite	
structure)	consist	of	cones	with	apex	angles	in	the	range	3-15°,	up	to	3	µm	in	diameter	at	their	
base	and	up	 to	15	µm	 in	 length	 (Fig.9d).	The	nanotexture	 is	 close	 to	perfection.	They	have	
grown	 without	 catalyst	 within	 glassy	 carbon	 pores	 that	 develop	 by	 the	 carbonization	 of	





including	 significant	 amounts	 of	hydrocarbons	 and	O2	 (subsequently	 converted	 in	 CO).	 The	
conical	 shape	 is	 supposed	 to	 be	 formed	 by	 the	 addition	 of	 atoms	 to	 the	 graphene	 planes	
terminating	 at	 the	 outer	 surface	 of	 a	 primarily-grown	 herringbone	 nanotube.	 As	 usual,	 the	





found	 in	 the	material	may	play	a	 role,	 for	 instance	 in	promoting	 the	growth	of	 the	primary	
herringbone	MWCNTs.	However,	the	latter	is	unlikely,	because	the	inner	cavity	of	the	conical	
morphologies	 is	 conical	 as	well,	which	 is	 very	 uncommon	 for	MWCNTs.	 The	morphology	 is	
interesting,	but	the	yield	is	low	and	the	formation	is	poorly	controlled.		
The	 insufficient	 understanding	 concerning	 the	 carbon	 cone	 growth	mechanism	 is	 also	
caused	by	the	wide	variability	in	the	synthesis	conditions	able	to	induce	conical	morphologies,	
specifically	with	the	cone-helix	configuration,	which	is	most	often	related	to	the	presence	of	a	
catalyst,	 or	 conditions	 of	 low	 supersaturation	 [75Haanstra1972].	 Thus,	 the	 control	 of	 their	
shape	 and	 their	 properties	 is	 very	 difficult	 in	 order	 to	 produce	 well-defined	 conical	
morphologies	with	desired	characteristics,	as	it	may	depend	on	the	structure	of	the	seed	at	the	
beginning	of	the	catalytic	nucleation	[55Treacy2001,	56Kawai2002],	the	catalyst	state	(liquid	or	
solid),	 size,	 and	 morphology	 [66Monthioux2007],	 as	 well	 as	 the	 synthesis	 conditions	
(temperature,	gradients,	maturation,	gas	concentration	and	composition,	pressure).		
To	summarize,	should	a	key	difference	be	given	between	the	formation	conditions	for	conical	
morphologies	 that	 are	generated	by	 the	 incorporation	of	pentagons	 (Section	2.1.1)	 and	 that	
generated	by	a	cone-helix	configuration	(this	Section	2.1.2),	we	may	refer	to	catalysts,	whose	
presence	is	required	for	a	vast	majority	of	the	latter	but	may	be	not	for	the	former,	and	whose	





The	 previous	 Section	 described	 an	 edge-dislocation-based	 spiral-growth	 mechanism	 with	
graphenes	being	oblique	with	respect	to	the	growth	direction	and	cone	axis,	but	another	spiral	
growth	may	occur	through	a	radial	edge	dislocation,	which	keep	the	graphenes	parallel	to	the	
cone	axis	 [63Sears1959]	 (Fig.11a).	 It	 involves	the	preferred	nucleation	of	vertical	 graphene	
seeds	 promoted	 by	 conditions	 of	 low	 supersaturation	 occurring	 during	 the	 condensation	
process	 [63Sears1959].	 This	 is	 the	 case	 for	 the	 carbon	 whiskers	 first	 reported	 by	 Bacon	
([28Bacon1960],	and	earlier	references	within)	along	with	other	whiskers,	ribbon-like	instead	
of	scroll-like,	which	attracted	much	less	attention	and	for	which	little	information	was	provided,	
probably	 because	 they	 were	 seldom.	 They	 both	 were	 obtained	 by	 subjecting	 graphite	






as	 a	whole,	making	 that	 one	whisker	 could	 not	 be	 considered	 as	 a	 single	 crystal,	 as	 far	 as	
crystallography	is	concerned.	First,	the	concentric	display	of	the	graphenes	around	the	whisker	
axis	was	demonstrated	by	X-ray	diffraction.	A	scrolled	nature	of	the	whiskers	was	suspected	

































outer	morphology	does	not	 look	 like	 that	of	Bacon's	whiskers	 (Fig.11e).	 [89Mani2003]	 and	
subsequent	studies	[90Lowe2006,	91Chernomordik2008]	reported	the	formation	of	what	they	
called	"nanopipettes",	a	designation	that	has	become	popular	but	was	improper,	as	only	based	
on	 the	 statement	 that	 the	morphology	 included	a	uniform	hollow	core	of	diameter	1-3	nm,	
without	any	further	demonstration	that	it	could	actually	behave	as	a	pipette	(i.e.,	able	to	suck-
in	a	liquid,	and	then	to	release	it).	A	Pt	wire	was	used	as	a	catalytic	substrate	and	a	flow	of	CH4	








mentioned	 a	 scroll	 configuration	 such	 as	 that	 of	 Bacon's	whiskers	 but	 a	 purely	 concentric,	
telescope-like	configuration	as	sketched	in	Fig.12c-right.	
Finally,	the	conical	morphology	reported	by	Sun	et	al.	[93Sun2007],	which	basically	consists	
of	 a	 several-micrometer-long	 pointy	 nanotube	 (Fig.11g),	 is	 a	 unique	 example	 where	 the	
tapering	of	the	MWCNT	comes	from	a	change	in	its	growth	mode,	making	it	switching	from	a	










Such	examples	 illustrate	 that	observing	 the	outer	morphology	 is	not	enough,	 carrying-out	a	
careful	 investigation	 of	 the	 inner	 texture	 is	 a	 key-point.	 This	 said,	 it	 is	 likely	 that	 some	
morphologies	described	 in	the	 literature	as	resulting	 from	another	growth	mode	or	 textural	
model	may	actually	be	related	to	Bacon's	one	instead	because,	as	for	discriminating	between	



















Figure	12:	 Sketch	of	 the	 three	ways	 to	generate	graphenic	morphologies	whose	conical	 forms	are	driven	by	 the	
texture,	i.e.,	the	orientation	of	the	graphene	layers	with	respect	to	the	cone	axis.	(a)	and	(b)	three	different	textures	








All	 elongated	 carbon	 morphologies	 (nanotubes,	 nanofibers,	 or	 cones)	 showing	 graphenes	
oriented	 obliquely	 with	 respect	 to	 the	 elongation	 axis,	 hence	 exhibiting	 the	 so-called	
herringbone	texture	in	longitudinal	section,	pertain	to	one	of	the	following	three	categories:	
• Those	 exhibiting	 one	 of	 the	 five	 possible	 angles	 generated	 by	 the	 incorporation	 of	













catalyst-driven	 process,	 with	 the	 graphene	 faces	 generated	 parallel	 to	 the	 catalyst	 surface	
(when	 any)	 being	 a	 very	 frequent	 configuration.	 However,	 in	 principle,	 the	 third	 category	
above-mentioned	(i.e.,	texture	-driven)	should	not	exist	because,	although	it	cannot	be	based	




be	 able	 to	 relax	 for	 large	 diameter	 truncated	 cones.	 This	 is	 certainly	 responsible	 for	many	
misinterpretations	in	the	literature,	and	exampled	in	Sections	2.1.1.	and	2.1.2.	
Examples	 of	 genuine	 herringbone	 conical	 morphologies	 (i.e.,	 not	 CNT)	 that	 were	
demonstrated	 to	 be	 built	 from	 piled-up	 truncated	 cones	 (lampshade-like,	 as	 sketched	 in	
Fig.12a)	do	not	exist	 in	 the	 literature.	But	 several	were	demonstrated	 to	exhibit	one	of	 the	
models	sketched	in	Fig.12b	in	projected,	longitudinal	sections.	It	is	clear	that	they	could	belong	
to	 either	 the	 cone-helix	 or	 the	 cone-stack	 configurations,	 but	 considering	 the	 uncertainty	
revealed	in	the	previous	Sections	regarding	the	determination	of	the	stacking	model,	they	are	
reported	here.		
Okuno	 et	 al.	 [94Okuno2005]	 have	 obtained	 amazing	 micrometer-sized,	 polygonized	 conical	
objects	(Fig.13)	which	somehow	relate	to	that	of	Gogotsi	et	al.	[87Gogotsi2002]	(Figs.9d	and	








parallel	 to	both	the	surface	and	the	elongation	axis,	 thereby	meaning	that	 the	conical	shape	
cannot	be	otherwise	than	that	sketched	as	Fig.12c.	But	they	might	be	wrong,	because	the	large	
thickness,	 the	 long	 length,	 and	 the	 very	 small	 cone	 angle	 of	 the	 morphologies	 make	 this	
impossible	 to	ascertain.	What	 is	real	 is	 that	both	the	rod-like	and	the	pin-like	morphologies	
exhibit	a	perfect	nanotexture	and	both	also	exhibit	a	twisted,	facetted	surface	(Figs.13a	to	13c),	

























[95Liu2004]	 obtained	 conical	 morphologies	 of	 about	 1	 µm	 in	 length	 whose	 graphenes,	 as	
guessed	by	the	direction	of	Bragg	fringes	in	the	TEM	images	(Fig.14b),	are	oblique	to	the	cone	
axis	 while	 being	 parallel	 to	 the	 cone	 surface.	 The	 overall	 projected	 texture	 is	 therefore	





steel	 autoclave	 at	 500°C	 with	 metallic	 Mg	 while	 replacing	 ethanol	 by	 butyl	 alcohol.	 The	
nanotexture	is	surprisingly	high	with	respect	to	the	low	temperature	used.	They	are	however	




























morphology	 was	 considered	 and	 studied	 by	 multiscale	 Monte	 Carlo/surface	 diffusion	
numerical	simulation	[98Levchenko2008],	a	simpler	and	more	plausible	mechanism	suggested	







al	 [99Merkulov2001a],	 again	 based	 on	 a	 plasma-enhanced	 CVD	 process.	 In	 this	 paper,	 the	
authors	 claimed	 for	 a	 constant	 tip	 size	 over	 the	 increasing	 length	 and	 explained	 their	
morphology	 by	 the	 primary	 tip-growth	 of	 a	 herringbone	 MWCNT	 followed	 by	 a	 preferred	
thickening	 at	 the	 base	 by	 subsequent	 carbon	deposition,	 but	 this	 is	not	 consistent	with	 the	
observation	that	the	inner	channel	becomes	as	narrower	as	it	is	closer	to	the	tip.	As	a	matter	of	











Basically,	 there	 are	 two:	 (i)	 Chemical	 Vapor	 Deposition	 (CVD),	 either	 hot-wall	
[26Allouche2005,	 101Jacobsen1997,	 102Allouche2003,	 103Monthioux2006,	 104Xia2005]	 or	
cold-wall	 [105Muradov2002,	 106Zhang2007,	 107Zhang2009],	 and	 (ii)	 Microwave	 Assisted	
Plasma	Chemical	Vapor	Deposition	(MPCVD)	[92Dumpala2011,	108Zhang2003,	109Zhang2005,	
110Tan2007,	 111Shang2005,	 112Shang2007,	 113Shang2008,	 114Shang2011,	 115Lee2011,	
116Zhuang2015].	There	are	few	other	miscellaneous	synthesis	processes	such	as	that	reported	
by	Gogotsi	et	al.	which	merely	 involved	2000°C-carbonization	of	 a	glassy	 carbon	polymeric	
precursor	[87Gogotsi2002,	117Gogotsi2000],	and	that	used	by	Okuno	et	al.	who	used	an	oxy-
























(f)	 Examples	 of	 the	 outer	 and	 inner	 aspects	 of	 the	 conical	 carbon	 morphology,	 from	 [108Zhang2003]	 and	
[109Zhang2005]	respectively.	The	inner	diameter	in	(f)	is	5-10	nm;	note	the	similarity	with	Fig.13c;	letters	b,	c,	d	in	





a	 few-degree	 cone	 angle	 (<	 10°),	 and	 a	 nanosized	 apex,	 of	 which	 Fig.15	 provides	 some	
examples.	 The	 fact	 that	 they	 all	 grow	 based	 on	 a	 multiwalled	 carbon	 nanotube	 (making	 a	






There	 are	 mostly	 two	 ways	 the	 conical	 morphologies	 are	 proposed	 to	 grow	 from	 this	
central	 nanotube.	 According	 to	 several	 authors,	 one	 way	 is	 the	 result	 of	 a	 simultaneous	





108Zhang2005,	 111Shang2005,	 112Shang2007],	 or	 from	 the	 preferred	 etching	 of	 the	 post-
deposited	 carbon	 closer	 to	 the	 CNT	 tip	 due	 the	 etching	 species	 (e.g.,	 hydrogen	 radicals)	
generated	by	the	plasma	[106Zhang2007].	The	other	main	way	is	to	consider	two	independent	
and	successive	steps	in	which	the	CNT	grows	first	thanks	to	the	catalyst,	and	then	the	conical	
morphology	 forms	 onto	 it	 according	 to	 a	 catalyst-free	 process	 [26Allouche2005,	
101Jacobsen1997,	 102Allouche2003,	 103Monthioux2006,	 115Lee2011,	 116Zhuang2015].	 The	
work	by	Lee	et	al	is	specifically	important	here,	since	they	grew	conical	carbon	morphologies	
by	a	MPCVD	process	based	on	the	primary	growth	of	a	silicon	oxide	based	nanofilament,	which	
demonstrates	 that	 the	 subsequent	 formation	 of	 the	 cone	 is	 actually	 independent	 from	 the	
nature	(chemical	composition	texture)	of	the	supporting	filament	[115Lee2011].	This	growth	
mechanism	 as	 proposed	 with	 strong	 experimental	 support	 in	 [101Jacobsen1997]	 and	 the	
subsequent	papers	is	worth	being	detailed.		
The	 cones	 grow	 at	 high	 temperature	 (1300°-1500°C)	 using	 methane	 and	 hydrogen	 as	
feedstock	(radial	growth,	or	thickening	step)	which	follows	a	catalytic	CVD	process	at	lower	
temperature	 during	 which	 the	 axial	 nanotube	 (~5nm	 in	 diameter)	 growth	 takes	 place	





the	 beads	 or	 fiber	 segments	 and	 the	 cones	 exhibit	 a	 concentric	 texture	 and	 a	 perfect	
nanotexture	 for	 the	 cones,	whereas	 the	nanotexture	 is	distorted	 for	 the	bead	or	 fiber	parts.	
Interestingly,	 the	 structure	of	 the	beads	or	 fiber	 segments	 is	 turbostratic	whereas	 the	 cone	
structure	is	turbostratic	when	the	radius	of	curvature	is	small	(i.e.,	for	the	inner	shells	and	at	
the	apex)	and	graphitic	when	the	radius	of	curvature	 is	large	(i.e.,	 for	 the	outer	shells).	This	
































above-mentioned	 work	 in	 proportions	 driven	 by	 the	 temperature	 and	 pressure	 conditions	
proper	to	the	each	of	synthesis	processes	used	could	allow	accounting	for	all	the	other	conical	
morphologies	described	in	the	present	Section,	including	regarding	textural	and	morphological	
details:	 (i)	 the	 occurrence	 of	 a	 protruding,	 uncoated	 CNT	 at	 the	 cone	 apex	 [106Zhang2007,	




occurrence	 of	 a	 structurally	 independent	 filament	 at	 the	 core	 of	 the	 morphology	
[106Zhang2007,	 107Zhang2009,	 112Shang2007,	 113Shang2008,	 115Lee2011];	 (iii)	 the	
crenulated	aspect	and/or	rough	surface	of	 the	main	body	supporting	the	cone	[103Xia2005,	
105Muradov2002,	106Zhang2007,	113Shang2008,	115Lee2011]	opposed	to	the	smooth	surface	
of	 the	 conical	 part	 [105Muradov2002,	 108Zhang2003,	 109Zhang2005,	 111Shang2005,	
113Shang2008].	 The	 observations	 also	 fully	 relate	 to	 what	 looks	 like	 failed	 attempts	
[119Ting2000,	120Ting2001]	to	duplicate	the	early	work	reported	in	[101Jacobsen1997],	from	
which	 Ting	 et	 al.	 wrongly	 hypothesized	 that	 surface	 defects	 might	 play	 a	 leading	 role,	 in	
contradiction	with	 the	PAH	model.	Moreover,	 it	may	also	be	 consistent	with	 features	 found	
during	experiments	devoted	to	grown	VGCFs	and	which	remained	unexplained,	consisting	of	
nanosized	cone-like	deposits	onto	carbon	nanofilaments	[10Endo1976,	118Endo19954].	Finally,	




the	 cone-terminated	morphologies	 formed	 exhibit	 a	 perfectly	 smooth	 surface,	 a	 concentric	










that	 every	 cone	 is	 topped	 with	 a	 few-micrometer	 large	 transition	 metal	 particle	 (initially	
present	as	impurities	in	the	HOPG),	the	authors	proposed	that	the	metal	particle	help	shunting	
heat	 from	 the	 surface	graphenes	down	 to	 the	thousands	of	 lower	graphenes	 that	 the	metal	
particle	 is	 in	 contact	with,	 which	 the	 very	 low	 thermal	 conductivity	 of	 HOPG	 in	 the	 c	 axis	
direction	would	not	allow	otherwise.	The	heat	shunting	lowers	the	surface	temperature,	which	
slows	 down	 the	 sputtering	 rate	 as	 more	 as	 the	 surface	 is	 closer	 to	 the	 particle,	 thereby	
generating	a	cone.	However,	as	no	structural	study	was	carried	out,	the	display	of	graphenes	




with	 an	 argon	plasma	 generated	 by	 radio-frequency,	without	 any	 CVD	 step	 as	 the	 only	 gas	
injected	 was	 Ar	 [23Glad2014].	 Well-conducted	 characterizations	 demonstrated	 the	
morphologies	to	be	single	crystal	graphite,	with	the	graphenes	perpendicular	to	the	pyramid	
elongation	 axis	 able	 to	 easily	 exfoliate	 (Fig.17c).	 As	 the	 conditions	 used	 unfavored	 carbon	







may	combine.	One	 is	 the	 same	mask-based	mechanism	as	 that	 above-mentioned,	where	the	
masks	are	 impurities	embedded	 in	the	starting	material.	Another	one	 is	a	mask-free	etching	





















characterization	 was	 ever	 carried-out	 but	 by	 Levchenko	 et	 al.	 [128Levchenko2007],	 who	





though	 purely	 hypothetic:	 (i)	 graphenes	 form	 parallel	 to	 the	 surface	 of	 the	 catalyst	
nanoparticles	of	nickel	according	to	cylindrical	morphologies	of	constant	diameter;	(ii)	the	cone	
forms	as	radial	growth	occurs	by	the	attachment	of	carbon	atoms	to	borders	of	the	hydrogen-





group	 papers	 [98Levchenko2008,	 122Tsakadze2004,	 123Denysenko2004,	 124Tsakadze2005,	
125Ostrikov2005,	126Ostrikov2006,	127Xu2006,	128Levchenko2007,	129Kumar2010]	are	all	the	

























unusual	ultra-high	vacuum	conditions	 (10-6-10-2	Pa),	 a	 tilted	 (45-55°)	 ion	beam	(known	 for	
promoting	surface	 texturization,	 as	opposed	 to	a	normal	 incidence),	 and	a	mostly	unheated	
substrate	 [131Tanemura2004,	 132Tanemura2005a,	 133Tanemura2005b,	 134Tanemura2006,	
















laser	 probe.	 Interestingly,	 the	 polarization	 direction	 of	 the	 incoming	 light	 was	 found	 to	












which	 caused	 the	 reduction	of	 the	diameter	of	 the	 catalytic	particle	as	 it	moves	up	until	 its	
complete	elimination	leading	consequently	to	a	sharp	cone	and	the	stop	of	the	growth,	as	also	
proposed	 in	 [97Li2007,	 100Merkulov2001b].	 The	 conical	 morphology	 is	 enhanced	 by	 the	
concomitant	carbon	deposition	at	the	cone	base,	as	more	efficient	as	it	occurs	closer	to	the	base	
(hence	to	the	heated	substrate).	This	mechanism	is	the	same	as	that	proposed	by	[96Li2005,	











Very	 similar	process	 conditions	were	used	 in	[138Lee2017]	 to	grow	an	array	of	 carbon	
conical	morphologies	of	60	nm	tip	size,	3	µm	diameter	base,	and	47	µm	length.	The	authors	
claimed	 them	 to	 be	 single	 carbon	nanotubes	but	 this	was	obviously	 not	 the	 case.	 The	 cone	
characterization	 is	very	poor	 in	 terms	of	 texture,	nanotexture,	 structure,	 and	even	chemical	





[137Chen2004]	 although	 they	 did	 not	 evidence	 any	 catalyst	 particle	 at	 the	 cone	 tips,	 and	
pointed-out	 that	 the	sub-micrometer	 conical	morphologies	are	 formed	because	 the	electric-












the	bias	was	varied	 from	0	to	300	V.	 It	was	observed	that	 the	aspect	ratio	of	 the	cones	was	
increased	 by	 increasing	 the	 bias	 and	 decreasing	 the	 carbon	 species	 concentration,	 thereby	



























(f)	A	 conical	 CNT	 bundle	 as	 obtained	 by	 a	 combined	DC-plasma	+	 thermal	 (hot	wall)	 CVD	method	 onto	Ni	 dots	
[143Tan2005];	the	actual	presence	of	CNTs	does	not	appear	but	was	demonstrated	by	TEM.	(g)	Conically	shaped	CNT	
bundle	terminations	as	obtained	by	a	plasma-free	HF-CVD	process	onto	pre-etched	Cu	substrate	[144Mata2011].	(h)	









of	 the	gaseous	 feedstock,	 and	 the	 timing	at	which	 turning	 the	plasma	on.	The	nature	of	 the	
feedstock	and	the	absence	of	any	catalyst	made	the	main	differences	with	the	previous	work	by	
Chen	et	al.	[141Chen2000].		
A	work	 combining	 CVD	 (thermal,	 C2H2	 +	 NH3,	 cold-wall	 furnace	with	 700°C-heated	 Ni-
coated	Si	substrate)	and	plasma	conditions	(glow	discharge,	-500	V	bias)	was	carried	out	by	
Tan	 et	 al.	 [143Tan2005],	 resulting	 in	 a	 quite	 different	 conical	morphology	 than	 above,	 i.e.,	
conical	CNT	bundles	(Fig.18f).	
In	order	 to	explain	 the	 conical	 shape	of	 the	bundles,	 the	authors	proposed	a	mechanism	of	
differential	 growth	between	 the	 inner	 CNTs	and	outer	CNTs.	Based	on	considering	 that	 the	
diffusion	 route	 of	 the	 carbon	 species	 is	 quenched	 by	 the	 successive	 rings	 of	 growing	 CNTs	
around	the	primary	one,	the	growth	of	the	CNTs	is	presumed	to	be	as	lower	as	the	CNTs	are	
outer.	However,	 this	 is	barely	 convincing.	Because	 the	CNT	growth	 is	of	 the	 tip-based	 type,	
hence	such	a	mechanism	should	result	in	having	catalyst	nanoparticles	to	be	present	at	various	
heights	in	the	cone.	This	is	not	what	is	observed,	as	the	catalyst	was	only	evidenced	at	the	cone	





some	of	 the	poorly	 characterized	carbon	cones	 reported	 in	Tanemura	et	al.'s	papers	and	 in	
[137Chen2004,	138Lee2017,	139Zhong2004]	are	actually	conical	carbon	nanofilament	bundles.	
Finally,	 a	 unique	 example	 of	 plasma-free	 synthesis	 of	 carbon	 nanofilaments	 that	




















processes	 is	 to	create	sharper	morphologies.	 In	 that	case,	 the	starting	carbon	material	 to	be	
etched	is	selected	so	that	to	exhibit	graphenes	somewhat	oriented	in	the	direction	of	the	future	
cone	axis	mostly	because	the	application	envisaged	 is	electron	emission.	Original	works	are	




process	 which	 induced	 the	 nanotubes	 to	 gather	 into	 conical	 bundles	 (Fig.18h).	 They	 both	
observed	that	the	conical	shaping	was	only	obtained	with	a	plasma	involving	O2,	as	compared	
to	Ar	only.	Based	both	on	this	statement	and	on	XPS	results,	Lim	et	al.	proposed	that	oxygenated	
functions	 are	 created	 at	 the	 edge	 of	 the	 opened	 tube	 tips,	 creating	 dipoles	 that	 generate	
attractive	 forces	 between	 neighboring	 CNT	 tips,	 hereby	 forming	 the	 conical	 bundle	
terminations.	 This	 explanation	 could	 then	 be	 valid	 for	 the	 results	 by	 Liu	 et	 al.	 as	 well	
[145Liu2004],	who	did	not	provide	any.			
In	order	to	obtain	carbon	cones	to	be	used	as	SPM	probes	or	voltammetric	sensors,	a	totally	
different	 route	 was	 used	 by	 Mousa	 [148Mousa1996],	 Castellanos-Gomez	 et	 al.	
[149CastellanoGomez2010]	and	then	Sripirom	et	al.	[150Sripirom2011],	who	basically	adapted	
to	carbon	fibers	the	well-known	electrochemical	etching	process	used	to	taper	metal	filaments.	










30-40	µA	is	applied,	while	the	carbon	fiber	 is	slowly	retracted	upward.	(b)	 to	(d)	 images	of	the	apex	obtained	at	
increasing	magnification.	
































location	 of	 pentagons	 was	 investigated	 [152Lammerts2000,	 156Pincak2015],	 eventually	
combined	with	heptagons	[155Munoz2005].	Closed	and	opened	cone	apices	were	compared,	
showing	the	importance	of	the	atomic	configuration	(armchair	or	zigzag)	of	the	opening	edge	
[155Munoz2005],	 as	 well	 as	 hypothetical	 cone	 combinations	 [157Shenderova2001].	 The	
existence	 of	 dipole	 moments	 and	 their	 interaction	 with	 H2	 molecules	 was	 investigated	
[158Heiberg2008],	and	their	behavior	as	thermal	rectifier	as	well	[159Yang2008].	STM	images	
of	 cone	 apices	were	 calculated,	 which	match	 actual	 images	 [160Kobayashi2000].	 Electronic	
properties	were	also	calculated	for	nanohorns	considering	the	only	5-pentagon	cone	tip,	which	
is	 supposed	 to	 best	 account	 for	 the	 nanohorn	 configuration	 [161Berber2000].	 All	 these	
calculations	are	about	too	ideal	objects	(e.g.,	single	graphene	cones	have	not	been	isolated	yet,	
and	single	graphene	nanohorns	are	far	from	the	ideal	sketch	as	depicted	in	Fig.4	for	being	really	
useful	 in	 property	 predictions	 of	 the	 actual	 objects).	 However,	 as	 opposed	 to	 ideal	 single-
graphene	cones,	nanohorns	do	exist,	 and	 therefore	were	experimentally	measured	 for	 their	
magnetic	properties	[162Garaj2000,	163Bandow2001,	164Imai2006],	and	behavior	 to	charge	









Alike	 electronic	 properties,	 experimental	 works	 dealing	 with	 the	 mechanical	 properties	 of	
carbon	cones	are	scarce	in	the	literature.	As	a	matter	of	fact,	we	did	not	find	any.	The	issue	was	
addressed	 theoretically,	mostly	 based	 on	molecular	 dynamics,	 and	 again	mostly	 focused	on	
single-graphene,	pentagon-driven	conical	 forms	as	 sketched	 in	Fig.2c.	The	behavior	of	 such	
cones	was	investigated	under	axial	compression	[168Jordan2004,	169Liew2007,	170Tsai2007,	
171Liao2007],	 axial	 tension	 [171Liao2007,	 172Wei2007],	 and	 subjected	 to	 free	 vibration	
(mostly	 transverse)	 [173Hu2012,	174FirouzAbadi2012,	 175Yan2014,	 176Narjabadifam2015].	
The	conical	objects	were	considered	either	as	such	[168Jordan2004,	172Wei2007,	170Tsai2007,	
174FirouzAbadi2012,	 176Narjabadifam2015],	 or	 uncapped	 [169Liew2007,	 171Liao2007,	
173Hu2012,	175Yan2014].	Parameters	that	were	varied	were	the	cone	height,	the	cone	angle,	






of	 cone	 angle	 and	 tip	 radius	 somehow	 compensate	 in	 transverse	 vibration,	 and	 the	 same	
fundamental	 frequency	 is	obtained	with	appropriate	 combinations	of	both	[175Yan2014];	 it	
was	even	possible	to	deduce	that,	when	starting	from	a	preformed	graphene,	rolling	it	into	a	










anticipating	 their	 mechanical	 stability	 and	 behavior	 is	 required,	 they	 are	 of	 little	 practical	
interest.	Indeed,	the	cones	modelled	are	unrealistic	with	respect	to	those	that	will	actually	be	
used	on	the	one	hand	(single	graphene	cones	do	not	exist,	and	the	cones	are	too	much	nanosized	
(few	 nm	 high)	 anyway),	 and	 many	 of	 the	 conclusions	 reached	 are	 merely	 common-sense	
results,	 for	 instance:	smaller	cone	angle	 induces	higher	strain	energy	 in	compression,	cones	
exhibit	 lower	 cohesive	 energy	 than	 flat	 graphene,	 cones	 with	 smaller	 angles	 exhibit	 lower	
melting	temperatures	[170Tsai2007];	rigidity	to	axial	compression	decreases	as	the	cone	angle	
increases	 [171Liao2007];	 in-plane	 compression	 induces	 higher	 strain	 energy	 than	 axial	


























by	 parameters	 such	 as	 the	 emission	 current	 density	 (in	 A/cm2,	 generally	 measured	 at	 the	
















Those	variations	are	not	easy	to	 interpret	and	compare	as	 they	are	not	 linear.	For	 instance,	
increasing	the	emitter	density	(the	number	of	emitting	tips	per	surface	unit)	may	increase	the	
emission	current	density	until	a	current	saturation	may	occur	(the	well-known	shielding	effect)	
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both	 carbon-cone-based	 emitter	 arrays	 and	 single	 emitters.	 Fig.20	 illustrates	 some	 of	 the	
emitters	tested.	For	all	of	them,	the	plots	of	the	logarithm	of	the	emission	current	density	versus	









Array	 of	 carbon	 cones	 prepared	 by	 the	 laser	 irradiation	of	 flexible	 graphite;	 the	 hole	 is	 due	 to	 the	 laser	 impact	
[136Zhao2009].	(e)	ToF-CVD-prepared	carbon	cone	welded	onto	a	W	tip;	in	inset,	low	magnification	view	of	the	W	





obtained	 with	 carbon	 cones	 are	 better	 than	 with	 carbon	 nanotubes	 [96Li2005,	 97Li2007,	
136Zhao2009,	 145Liu2004,	 146Huang2006,	 184Houdellier2012],	 or	 equal	 for	 the	 least	
[133Tanemura2005,	 180Dumpala2009].	 As	 an	 example,	 Liu	 et	 al.	 [145Liu2004]	 reported	 a	
current	density	of	45	mA/cm2	for	a	regular,	forest-like	CNT	array	which	increased	up	to	107	
mA/cm2	for	the	same	array	after	shaping	the	CNT	bundles	into	cones.	As	another	example,	Li	et	
al.	 [96Li2005]	 calculated	 a	 work	 function	 of	 0.12	 eV,	 to	 be	 compared	 to	 5.3	 eV	 for	 CNTs.	
However,	this	value	is	doubtful	as	surprisingly	very	low,	considering	that,	for	graphenic	carbon,	
the	work	function	was	everywhere	else	found	to	fall	in	the	range	of	4-5	eV	for	various	examples	





Baylor	 et	 al.	 [183Baylor2002],	 which	 relates	 to	 the	 conical	 morphology	 described	 in	
[99Merkulov2001,	 100Merkulov2001],	 to	 maintain	 a	 10	 nA	 emission	 current	 over	 175	h	
provided	the	applied	electric	field	is	gradually	decreased	by	20%.	Such	a	behavior	implies	that	
the	 current	would	 have	 increased	 if	 the	 applied	 electric	 field	would	 have	 been	maintained	








only	 one	 having	 obtained	 a	 cone	 array	 from	 the	 irradiation	 of	 a	 polymer	 target	 instead	 of	






(0.27	 V/µm)	 and	 turn-on	 electric	 field	 (0.7	 V/µm)	 are	 respectively	 obtained	 in	 [96Li2005,	
97Li2007]	(who	compared	to	1-2	V/µm	for	CNTs)	and	[180Dumpala2009]	(who	compared	to	
~0.7	V/µm	 for	CNTs),	 i.e.	 for	processes	 in	which	 the	etching	effect	of	plasma	 is	 limited	and	
where	the	conical	morphology	is	mostly	obtained	from	catalytic	growth,	thereby	allowing	the	
graphenic	nature	of	 the	carbon	cones	to	develop	and	 leaving	the	nanotexture	unaffected,	 as	
opposed	to	other	cone	synthesis	methodologies	involving	plasma-etching.	In	all	the	papers	but	
in	[122Tsakadze2004],	the	interest	of	high	aspect	ratio	needle-like	morphologies	for	gaining	in	





















because	 the	 particular	morphology	 of	 the	 cones	 used	 (conical	 shape	 and	 large	micrometric	
base),	minimizes	the	vibration	effects	previously	observed	for	carbon	nanotube	emitters	when	





compared	 to	 a	 90%	 decay	 for	 tungsten	 in	 the	 same	 conditions.	 Also,	 the	 same	 cone	 has	
withstood	 a	 one-year-long	 operation	 without	 enduring	 any	 alteration.	 The	 laser-induced	






the	 literature.	 This	 is	 surprising	 because	 carbon	 cones	 have	 been	 thought	 as	 suitable	 SPM	





and	 the	 high	 aspect	 ratio	 of	 the	 narrow-diameter	 quasi-cylinder	 form	 which	 make	 them	
potentially	 superior	 over	 CNTs	 for	 such	 an	 application.	 Based	 on	 their	 previous	 work	 on	
growing	carbon	cones	by	a	DCP-CVD	process	[137Chen2004]	combined	with	a	specific	masking	















































appropriate	 cone	 angle,	 and	 then	welded	 (Fig.21c).	 The	 gain	 in	mechanical	 resistance	was	
supported	 by	 fully	 atomistic	 reactive	 MD	 simulations.	 However,	 again,	 the	 MD	 modelling	
                                                             
6	It	is	worth	noting	that	the	authors	have	mistakenly	inverted	the	compared	phase	images	from	the	Si-based	probe	





considered	 a	 single-graphene	 cone	 only,	whereas	we	 know	 that	 this	 type	 of	 cones	 includes	
many	stacked	cones	(see	Section	2.1.1).	
Finally,	 conical	 carbon	 tips	 obtained	 from	 the	 electrochemical	 etching	 of	 highly	 oriented	
graphenic	microfibers	as	 illustrated	 in	Fig.19	was	tested	as	STM	probes	[150Sripirom2011].	
The	image	of	an	Au	grating	with	2.5	grooves/µm	was	well	resolved	in	air	but	no	comparison	











Arrays	 of	 the	 high	 aspect	 ratio	 carbon	 cones	with	 concentric	 texture	 and	 high	 nanotexture	
prepared	 in	 [89Mani2003]	were	 tested	as	nanoelectrodes	by	[90Lowe2006].	Nanoelectrodes	
are	interesting	devices	which	possess	many	advantages	over	macro-sized	electrodes,	as	well	
stated	in	Lowe	et	al.'s	paper	introduction.	However,	carbon	nanotubes	are	nanosized	as	well,	










The	use	of	single	ultramicroelectrodes	with	tapered	 tips	prepared	 from	 the	electrochemical	
etching	of	carbon	microfibers	for	cyclic	voltammetry	was	reported	in	[150Spirom2011].	Such	
electrodes	 revealed	 to	 exhibit	 a	 small	 effective	 tip	 radius	 of	 ~1µm,	 and	 a	 wide	 practical	
potential	window	in	acidic	and	alkaline	electrolytes.		
Finally,	nanohorns	were	also	tested	as	electrode	components	in	electrochemical	systems	such	
as	 supercapacitors	 and	 batteries.	 For	 supercapacitors	 [196Yang2006],	 nanohorns	 were	
previously	opened	by	oxidation	in	order	to	allow	the	solvated	ions	to	access	the	inner	porosity.	
A	 specific	 capacitance	 of	 144	 F/g	was	 reached	with	 an	 aqueous	 electrolyte	 providing	 small	
solvated	 ions	(0.53	nm).	This	 is	not	bad,	but	still	 low	compared	to	values	such	as	~500	F/g	






nm)	may	 access	 the	 inner	 nanohorn	 cavity.	 However,	 considering	 the	 actual	 dimension	 of	
nanohorns,	about	few	nm	long,	it	is	likely	that	oxidizing	them	further	so	that	to	increase	the	






good	 performances,	 with	 an	 initial	 capacity	 of	 1200	mA.h/g	which	was	maintained	 at	 693	
mA.h/g	after	100	cycles,	that	are	in	the	average	of	what	is	obtained	with	other	carbon-based	S-
Li	batteries	[199Liang2016].	But	it	is	still	below	the	expectations,	and	no	route	was	proposed	
















demonstrated	a	 sieving	 capability	by	adjusting	 the	 size	of	 the	entry	ports	 to	 the	 size	of	 the	
molecules	 to	 trap	 [200Murata-2002].	 Gas	 storage	 was	 then	 envisaged,	 and	 subsequently	
confirmed	 by	 modelling	 using	 theoretical	 cones	 whose	 sizes	 are	 compatible	 with	 that	 of	




the	 treatment	 and	 intercalation	 of	 HNO3	 molecules	 [203Yang2005].	 Unfortunately,	 no	




























glucocorticoid	 dexamethasone	 (anti-inflammatory)	 [208Murakami2004],	 and	 cisplatin	
(anticancer)	 [209Ajima2005],	 among	 others.	 The	 results	 have	 validated	 the	 concept.	 It	 was	





that	 case),	 for	 titration	 and/or	 depollution	 purposes	 [210JimenezSoto2009].	 The	 authors	
pointed	 out	 that	 "the	 physical	 and	 chemical	 properties	 of	 such	 a	material	 would	make	 them	
appropriate	 for	 this	 application",	 but	 which	 properties	 are	 targeted	 is	 not	 clear,	 and	


















There	 is	a	 large	variety	of	conical	carbon	morphologies,	single-walled	or	multi-walled,	 from	
nanometric	to	micro-nanometric	sizes.	The	world	of	carbon	(nano)cones	is	as	vast	as	that	of	
carbon	 nanotubes,	 and	 possibly	 vaster,	 as	 they	 need	 the	 same	 parameters	 as	 CNTs	 to	 be	
described	(diameter,	number	of	walls,	helicity	angle,	nanotexture,	texture,	structure)	but	with	
additional	 specific	 parameters	 such	 as	 the	 cone	 angle,	 disclination	 angle,	 and,	 generally	




Designation:	 graphite/graphitic/graphenic/graphene	 cones,	 hexagonal-pyramidal	 graphite	
hillocks,	 nanohorns,	 fullerene	 cones,	 carbon	 nanocones,	 graphite	 whiskers,	 carbon	
nanopipettes,	 cone-shaped	 graphitic	 whiskers,	 Conical	 crystals	 of	 graphite,	 conical	 carbon	
nanotube,	conical	carbon	tubular	structures,	pointed	carbon	nanotubes,	tubular	carbon	cones,	
hollow	 carbon	 cones,	 conical	 carbon	 (nano)fibers,	 tubular	 graphite	 cones,	 conical	 carbon	
protrusions…	Throughout	the	articles	published,	the	nomenclature	is	highly	imaginative	and	
figurative,	abusively	diverse,	and	sometimes	inappropriate,	hence	generally	misleading.	
Growth	 mechanisms:	 most	 of	 the	 reasons	 why	 conical	 forms	 are	 generated	 have	 been	
identified	 (either	 structural,	 through	 wedge	 disclination,	 screw	 dislocation,	 radial	 wedge	
dislocation,	or	textural).	However,	because	of	the	overall	poor,	insufficient	characterization,	the	
easiness	 of	 referring	 to	 previously	 published	models	 yet	 not	 firmly	 demonstrated,	 and	 the	
dogmatic	 respect	 of	 certain	 geometric	 rules	 (e.g.,	 the	 pentagon	 rule)	 that	 may	 apply	 to	
molecular	 forms	 (structurally	 perfect,	 nanosized	 single	 graphene	 cones)	 but	 not	 to	 larger,	
multilayered,	 faulted	 conical	 forms,	 there	 is	 little	 certainty	 regarding	 the	 actual	 display	 of	
graphenes	and	growth	mechanisms	of	carbon	cones	in	a	majority	of	articles.	There	are	good	
reasons	for	this;	one	is	that	TEM	would	be	a	key	method,	but	discriminating	between	various	
graphene	 displays	 (e.g.,	 scrolled	 vs	 concentric,	 or	 stacked	 lampshades	 vs	 helically	wrapped	
single	graphene	 ribbon)	 is	made	 difficult	 because	what	 TEM	 reveals	 is	 a	 projected	 volume;	
another	 reason	 is	 that	 the	 number	 of	 atoms	 becomes	 rapidly	 too	 high,	 preventing	 many	
modelling	principles	to	be	used.		













or	small	carbon	moieties	(e.g.,	dimers)	 in	vacuum	conditions	will	result	 in	 forming	cones	 in	
which	the	creation	of	pentagons	will	have	a	driving	role.	Also,	using	genuine	CVD	conditions	
(i.e.,	 not	plasma-assisted)	may	 result	 in	 cone	 formation	conditions	resembling	 that	of	other	
known	 processes	 such	 as	 the	 formation	 of	 CNTs	 or	 the	 deposition	 of	 pyrolytic	 carbon.	
Unfortunately,	the	lack	of	thorough	characterization	of	the	carbon	cones	formed	still	prevents,	
in	a	large	extent,	a	determinist	approach	of	the	formation	of	carbon	cones,	able	to	propose	and	
predict	 the	 right	 conditions	 for	 synthesizing	 conical	 forms	 with	 the	 desired	 textural,	
nanotextural,	and	structural	features.	This	is	particularly	true	for	plasma-assisted	processes.	
Even	though	the	statement	made	by	Chen	et	al.	[137Chen2004]	regarding	CNTs	(i.e.,	DC-plasma-
enhanced	 CVD	 tends	 to	 induce	 a	 herringbone	 texture	 whereas	 MW-plasma-enhanced	 CVD	
tends	 to	 induce	 a	 concentric	 texture)	 seems	 to	 also	 be	 true	 for	 cones,	 there	 are	 too	many	
examples	of	cone	synthesis	that	were	not	followed	by	the	needed	cone	characterization	for	this	
statement	 to	 be	 statistically	 ascertained.	 On	 the	 other	 hand,	 plasma-assisted	 or	 irradiation	
methods	cannot	provide	the	best	structural	and	nanotextural	quality.	
Applications:	 As	 seen,	 only	 few	 papers	 concerning	 the	 potential	 applications	 of	 conical	
graphene-based	morphologies	are	reported	 in	the	 literature.	No	commercial	application	has	




ones,	 the	 material	 is	 poorly	 controlled	 or	 limited	 in	 terms	 of	 structural	 quality,	 hence	 not	
providing	the	best	of	the	possible	performances;	(ii)	technical	issues:	For	individual	uses,	there	
is	an	 intrinsic	difficulty	 to	control	 the	accurate	 location	and	manipulation	and	a	single	cone.	
Either	the	cones	have	to	grow	at	the	very	place	of	the	device	they	have	to	be	when	in	use,	for	
instance	 on	 a	 tip	 of	 an	 AFM	 cantilever,	 or	 they	 have	 to	 be	 subsequently	 grabbed	 and	
manipulated	to	be	positioned	at	the	right	place.	The	ways	and	dimensions	with	which	many	of	




ensuring	 the	 quality	 control	 in	 the	 cone	 fabrication	 process	 chain	 is	 expensive	 and	 time	
consuming.	
From	this	review,	which	was	tried	to	be	thorough	and	comprehensive,	 it	comes	out	 that	 the	
research	 field	 of	 carbon	 (nano)cones	 is	 promising	 the	 same	way	 as	 CNTs	were,	 and	 could	
actually	solve	some	issues	that	CNTs	are	facing	in	their	use	for	some	applications.	However,	the	
carbon	cone	field	is	unfairly	neglected	as	there	still	are	many	investigations	to	carry-out	and	a	
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« Me parece haber sido sólo un niño jugando en la orilla del mar, 
divirtiéndose y buscando una piedra más lisa o una concha más 
bonita de lo normal, mientras el gran océano de la verdad yacía 























growth	 of	high	 quality	 and	 scalable	 crystals,	 fibers	 and	 powder	materials	 [1Carlsson	 2010].	




carbon	 (PyC)	 consists	 of	 graphenic	 carbon	 deposit,	 usually	 of	 the	 turbostratic	 structure,	
resulting	 from	 the	 thermal	 cracking	 of	 gaseous	 or	 vaporized	 organic	 precursors,	 and	 then	
nucleation,	 and	 then	 growth,	 involving	 either	 homogeneous	 (within	 the	 gas	 phase)	 or	
heterogeneous	 processes	 [3Delhaes2002].	 Homogeneous	 nucleation	 refers	 to	 the	 reactions	
(association	of	atoms	or	molecule	fragments,	producing	heavier	species	from	the	precursor	gas,	
e.g.	methane	 conversion)	 directly	within	 the	 gas	 phase	 [3Delhaes2002].	 On	 the	 other	 hand,	
heterogeneous	nucleation	supposes	a	more	favorable	thermodynamic	process,	where	chemical	




form	more	or	 less	anisotropic	 (laminar)	 textures	whereas	PyC	resulting	 from	homogeneous	
nucleation	shows	overall	isotropic	textures	[3Delhaes2002,	5Oberlin2002].		
As	 results	 of	 the	 hydrocarbon	 cracking,	 two	 main	 types	 of	 carbon	 species	 can	 be	
distinguished:	 radicals,	 and	 after	 secondary	 reactions,	 polyaromatic	 hydrocarbons	 (PAHs)	
[3Delhaes2002].	For	some	authors	[6Grisdale1953,	7Tesner1984,	8Bokros1969,	9Shi1997],	the	
PAHs	 can	 associate	 so	 that	 to	 form	 liquid	 droplets	 within	 the	 gas	 phase.	 However,	 in	 the	




of	 the	 substrate	 (reactivity,	 wetting)	 play	 an	 important	 role	 in	 the	 deposition	 process	
[10Hu2002].	 Going	 further	 the	 early	 hypothesis	 by	Diefendorf	 [11Diefendorf1960]	who	 first	









of	 molecules	 onto	 active	 sites	 (e.g.	 graphene	 edges)	 or	 the	 physisorption	 of	 polyaromatic	





primary	 or	 secondary,	 within	 the	 gas	 phase	 (prevalence	 of	 radicals	 or	 PAHs),	 which	 is	
determined	by	 the	 synthesis	 conditions,	 is	 a	very	 important	parameter	 influencing	 the	 final	
carbon	deposit.	





















and	 corresponding	 at	 least	 to	 the	 needed	 energy	 to	 decompose	 the	 feedstock	 carbon	
source.	 Once	 the	 cracking	 temperature	 is	 reached,	 a	 higher	 temperature	 increases	 the	
concentration	of	reactive	species.	This,	in	turn,	is	favourable	to	homogeneous	nucleation	
(leading	sometimes	to	the	formation	of	soot),	instead	of	heterogeneous	nucleation	onto	the	





















(e.g.,	 methane)	 cracking	 to	 recombine	 within	 the	 gas	 phase	 (i.e.,	 before	 reaching	 the	




and	 takes	 into	account	not	only	 the	 isothermal	 zone	but	all	 the	 thermal	gradient	of	 the	
furnace.		
• Flow	pattern:	whether	 the	 gas	 flow	 remains	 laminar	 or	 becomes	 turbulent	may	 have	 a	
significant	influence	on	the	texture	of	the	deposited	carbon.	For	a	given	incoming	gas	phase	
composition,	 it	 depends	 on	 the	 geometry	 of	 the	 solid	 parts	 (supports,	 substrates,	 etc.)	
present	 into	the	 furnace	tube	on	the	path	of	 the	gas	 flow,	and	on	the	gas	 flow	rate.	 It	 is	
characterized	by	the	so-called	Reynolds	number,	whose	calculation	 includes	parameters	
such	 as	 fluid	 density,	 viscosity	 and	 velocity,	 in	 addition	 to	 the	 tube	 diameter.	 Below	 a	
Reynolds	number	of	2100,	a	laminar	flow	is	assumed	(considering	a	somewhat	constant	
viscosity,	i.e.	the	case	of	a	Newtonian	fluid)	[14LaNasa2014].		

















named	 lengthening	 and	 thickening	 [17Dresselhaus1988].	 During	 the	 lengthening	 step,	 the	
gaseous	carbon	source	(methane,	acetylene,	benzene,	etc.)	is	first	diluted	(most	of	the	time)	in	
hydrogen	gas	to	prevent	the	deposition	of	any	amorphous	carbon	by	reducing	the	formation	of	
unsaturated	 species	 [18Billaud1989].	 Under	 high	 temperature,	 the	mixture	 of	 gases	 is	 then	
decomposed	over	the	catalyst	(most	often	a	transition	metal,	Fe,	Ni,	Co)	deposited	(most	of	the	
time)	 onto	 planar	 substrates	 (carbon,	 silicon,	 quartz)	 leading	 thus	 to	 the	 growth	 of	 carbon	
nanotubes	onto	a	substrate	surface	[19Baker1973].	Afterwards,	the	second	step	is	related	to	a	
direct,	catalyst-free,	pyrolytic	decomposition	of	the	gaseous	mixture	leading	to	the	deposition	




















source	 (ratio	2)	while	 temperature	was	also	 increased	 (up	 to	1200°C-1400°C),	 allowing	 the	








Aside	 morphologies	 bearing	 carbon	 conical	 forms,	 other	 filamentous	 morphologies	 were	
obtained	(see	Fig.2):	




always	with	 a	 rough	surface	 (bead,	 short	 fiber	 segments),	 and	 combined	with	nano-	 to	











beads	 attached	 to	 each	 other	 by	more	or	 less	developed,	 smooth-surface	 truncated	
conical	parts.	


















Figure	 2:	 The	 various	 carbon	morphologies	 obtained	 by	 the	 two-step	 (C)CVD	 process	 in	 Allouche's	 experiments	
































prevails	 with	 all	 the	 VGCFs	 exhibiting	 a	 smooth	 surface;	 Domain	 3:	 domain	 where	 F	 factors	 are	 intermediate,	
including	VGCFs	with	a	rough	surface;	Domain	4:	domain	where	the	SSF	morphology	occurs;	Domain	5:	domain	where	
the	 highest	 F	 factor	 (F	 =	 1,	 for	 SB)	 prevails.	 The	 Table	 is	 modified	 from	 the	 original	 as	 published	 in	
[12Monthioux2006],	with	a	fifth	domain	added	for	better	clarity.	
	



















Non-standard	morphologies	 (BF,	PNBF, LGCF, SSF	SB)	were	obtained	as	soon	as	higher	

















that	 the	 droplet	 physical	 properties	 (surface	 tension	 and	 viscosity)	 are	 governed	 by	 the	
maturation	degree.	 Such	 an	 effect	was	 claimed	 to	play	 a	 dominant	 role	on	 determining	 the	
structure	and	morphology	type	of	the	deposited	carbon.	For	conditions	where	the	time	of	flight	
(not	considering	the	downstream	half	of	the	furnace)	and	the	temperature	are	the	highest,	the	





recombinations	prevail	 for	 the	 latter,	promoting	 larger	molecules	and	ultimately	PAHs.	The	








reactions	 of	 methane	 and	 the	 recombination	 reactions	 (such	 as	 polycondensation	 and	















the	 F	 factor.	 However,	 it	 is	 the	 maturation	 degree	 of	 the	 gas	 phase	 (resulting	 from	 the	
combination	of	 the	 time	of	 flight	and	 local	 temperature	effects	 in	various	proportions)	 that	


















materials,	 it	 is	related	to	the	way	graphenes	are	piled	up	within	a	crystallite,	 i.e.	a	coherent	
domain	 in	 which	 graphenes	 are	 perfect	 whatever	 their	 in-plane	 dimension.	 Several	


























defects,	 resulting	 in	 large,	 disorientations	 (non-removable	 upon	 thermal	 annealing)	
[22Monthioux2002,	23Ouzilleau2019].	The	average	in-plane	dimension	of	the	straight	parts	of	












Therefore,	 structure,	 texture,	 and	 nanotexture	 are	 strictly	 independent	 parameters.	 In	






but	 it	 is	NOT	 to	designate	a	nanosized	 texture	 (e.g.,	 a	nanosized	concentric	 arrangement	of	
graphenes).	 "Nanotexture"	 is	 also	 preferred	 instead	 of	 "microtexture"	 once	 used	




two	 opposed	 sharp	 cones),	 was	 studied	 by	 Transmission	 Electron	 Microscopy	 (TEM).	 The	
whole	 morphology	 grows	 onto	 a	 CNT	 previously	 formed	 during	 the	 lengthening	 step.	
Therefore,	the	primary	CNT	is	still	present	in	the	core	of	the	bead,	and	in	the	core	of	the	cone	
as	well	 (see	Fig.4b	 and	5	 for	 instance).	 This	makes	 that	 a	 primary	 CNT	naturally	 links	 the	
successive	 spiky-bead	 morphologies	 (or	 others)	 (Fig.4c)	 which	 appear	 to	 be	 periodically	











found	 associated	 to	 the	 cones,	 confirming	 that	 the	 conical	 shape	 has	 not	 a	 catalytic	 origin,	





































that	 graphenes	 are	 piled	 up	 parallel	 to	 each	 other,	 however	 exhibiting	 mutual,	 random	








The	 partially	 graphitic	 structure	 revealed	 at	 the	 cone-base	 surface	 suggests	 that	 graphene	
layers	are	piled	up	according	to	a	combination	of	a	graphitic	sequence	(i.e.,	the	ABAB	stacking	
sequence	 typical	 of	 the	 three-dimensional	 graphite	 structure	 first	 revealed	 by	 Bernal	
[28Bernal1924])	and	turbostratic	stacking.	This	structural	variation	of	the	cones	was	related	to	










and	 also	 symmetrically	displayed	with	 respect	 to	 the	 cone	 axis.	 According	 to	 the	 described	
structure,	texture	and	nanotexture,	the	SB,	especially	the	conical	part,	could	exhibit	excellent	
properties	for	applications	requiring	good	mechanical	strength	and	modulus,	as	well	as	a	good	
thermal	 and	 electrical	 conductivities,	 similar	 to	 that	 of	 perfect	 concentric-type	 CNTs	
























ones,	hence	they	are	not	elongated	but	 spots.	(d)	 Sketch	of	 the	diffraction	pattern	 resulting	 from	an	ensemble	of	
graphene	stacks	displayed	according	to	a	fibrous	texture.	 It	 is	obtained	by	rotating	the	reciprocal	cylinders	 in	(c)	
around	the	fiber	axis.	The	diffraction	pattern	results	from	the	intersection	of	the	concentric	cylinders	by	various	planes	












ordered	 deposition	 occurs	 first,	 forming	 a	 double	 cone	 onto	 the	 primary	 carbon	 nanotube,	
according	to	a	spindle-like	shape	(Fig.8a);	then,	a	more	disordered	deposition	occurs,	at	the	
place	where	the	thickening	is	maximum,	i.e.,	at	the	middle	of	the	spindle	corresponding	to	the	






















Figure	 9:	 SEM	 images	 showing	 (a)	 A	 SB	morphology	 on	 the	 way	 to	 turn	 into	 a	 PNBF	morphology	 (30-minute	






model	was	 proposed.	This	model	 is	 a	 combination	 of	 the	 droplet	 nucleation	model	 initially	
proposed	by	[6Grisdale1953]	and	supported	by	several	observations	since	then	[8Bokros1969,	
9Shi1997,	 31Koizlik1974,	 32Ford1976,	 33Je1984,	 34Bouchard2001],	 and	 the	 particle/filler	
model	 later	 on	 proposed	 by	 Hüttinger's	 group	 [35Dong2002,	 36Hu2003]	 and	 subsequently	
accepted	by	a	major	part	of	the	community	as	a	preferred	alternative	to	the	droplet	model.	The	
particle/filler	 model	 assumes	 that	 polyaromatic	 (PAHs)	 species	 originating	 from	
polycondensation	 reactions	 of	 previously	 formed	moieties	 [35Dong2002]	 are	 the	 particles,	
whereas	 lighter,	 linear	 hydrocarbon	molecules	 are	 the	 filler,	 all	 of	 them	 resulting	 from	 the	




pyrocarbon	 textures	observed	 in	 the	 literature	 result	 from	 the	various	proportions	of	both.	
However,	because	the	particle/filler	model	could	barely	explain	the	primary	formation	of	the	
spindle-like	 double	 cone	 and	 the	 cone	 vs	 bead/fiber-segment	differentiation	 if	 not	 liquid	 at	
some	point,	Allouche	et	al.	 supposed	the	existence	of	pitch-like	droplets,	 i.e.	alike	colloids	 in	
which	 the	micelles	 are	 the	 PAHs	 and	 the	 suspensive	medium	 are	 the	 lighter	hydrocarbons,	
thereby	somehow	reminding	the	particle/filler	hypothesis.	 In	addition,	 they	considered	that	
radicals	 are	 present	 in	 the	 gas	 phase	 along	 with	 the	 droplets.	 The	 droplet	 characteristics	
(number,	 size,	 aromaticity,	 viscosity)	 are	 determined	 by	 the	 local	 conditions	 previously	
defined,	such	as	temperature,	time	of	flight	and	gas	composition.	Unlike	radicals,	which	need	
active	sites	to	deposit,	droplets	deposit	randomly	on	any	surface.	
A	 whole	 scenario	 was	 then	 able	 to	 be	 proposed	 to	 account	 for	 the	 growth	 chronology	 as	
deduced	 from	 the	 SEM	 images.	 Starting	 from	 the	 co-existence	 of	 droplets	 and	 radicals,	 the	
proposed	 mechanism	 is	 based	 on	 the	 wettability,	 by	 the	 PAH-containing	 droplets,	 of	 the	
substrate	(the	primary	nanotube	surface)	where	the	deposition	and	carbonization	processes	
take	place.	According	to	the	substrate	geometry	(non-planar),	two	conditions	of	partial	wetting	



















Fig.11b.	The	PAHs	from	the	droplets	align	parallel	 to	 the	nanotube	because	of	 the	capillary	














enough	 for	 the	 droplets	 to	 deposit	 on	 it	 as	 they	 would	 onto	 a	 flat	 substrate.	 This	 step	
corresponds	to	Fig.11c.	










(ii)	 PAHs	 forming	 the	 beads	 are	 not	well	 aligned	 because	 they	 result	 from	 a	weak	wetting	
interaction	with	 the	 substrate	 surface.	 The	 latter	 is	 responsible	 for	 the	 textural	 differences	
between	 the	 bead	 (microporous	 texture)	 and	 the	 cones	 (dense	 texture).	 If	 the	 primarily	
deposited	droplets	at	the	step	of	Fig.11b	are	far	enough	apart	from	each	other,	or	if	the	growth	











work,	 we	 had	 to	 retrieve	 the	 growth	 conditions	 and	 ascertain	 the	 reproducibility	 of	 the	




of	 them	have	 aimed	 at	 studying	 the	 deposition	 of	 graphene	 onto	 CNTs	 [38Zheng2013,	
39Li2013],	to	which	should	be	added	all	the	work	on	VGCFs	that	was	carried-out	for	40	
years,	the	synthesis	of	which	is	based	on	the	same	two	lengthening	and	then	thickening	
steps	 as	 for	 growing	 cone-bearing	 morphologies	 ([2Tibbetts1989,	 15Tibbetts1993,	
17Dresselhaus1988,	20Endo1995]	among	many	others),	
(iii) 	the	only	attempt	of	deliberately	growing	similar	morphologies	(by	a	researcher	formerly	
at	post	 at	API	once	back	 to	his	 lab)	has	 failed	 in	 forming	anything	else	but	some	rare,	
beaded	morphologies	with	no	fully	developed	cones	along	with	wrong	interpretation	of	






The	 proposed	 growth	 model	 can	 explain	 many	 aspects	 concerning	 the	 texture	 of	 the	
synthesized	 morphologies	 (e.g.	 the	 presence	 of	 a	 carbon	 nanotube	 at	 the	 center	 of	 all	
morphologies,	the	occurrence	of	inverted	inner	cones	in	the	beads	of	the	SB	morphology,	the	











• It	 also	 remains	 unclear	 how	 the	 proposed	 model	 can	 explain	 the	 same	 helicity	 of	 the	
successive	cylindric	graphenes	forming	the	cones	as	revealed	by	their	partially	graphitic	











The	micro/nanosized	 conical	 parts	 along	with	 the	micrometer-sized	 carbon	 beads	 or	 fibre	
segments	are	key	morphological	components	for	allowing	handling	and	mounting	the	carbon	
cones	and	then	using	them	for	various	applications.	In	the	particular	context	of	our	work,	their	









temperature,	 gas	 ratio7,	 and	 to	 validate	 the	 growth	 mechanism	 described	 in	 the	 previous	
Section.	We	will	also	try	to	answer	the	different	questions	presented	in	the	previous	part.	
From	our	 knowledge,	 aside	 from	 the	 API	 team	 in	 the	 USA	 (which	 is	 no	 longer	 able	 to	
reproduce	the	synthesis	process),	the	only	reported	attempts	for	reproducing	the	API	process	
were	 published	 by	 Ting	 et	 al.	 [40Ting1999,	 41Ting2000,	 42Ting2001],	 and	 were	 not	 fully	
successful.	 So,	 we	 are	 conscious	 of	 tackling	 a	 high-sensitivity	 synthesis	 process,	 typical	 of	















stainless	steel	 tubes,	 and	each	gas	 flow	 is	monitored	by	a	 flowmeter	 system.	The	gases	are	









in	 diameter	 (Fig.12a).	 Centimetric	 coupons	 of	 Papyex®	material	 (exfoliated	 and	 then	 high-
pressure	 laminated	graphite	 from	MERSEN,	otherwise	designated	as	"flexible	graphite")	are	
used	 as	 substrates	 to	 support	 the	 catalyst	 nanoparticles	 (Fig.13).	 The	 Papyex	 coupons	 are	
soaked	in	the	suspension	and	then	placed	in	an	ultrasonic	bath.	Then,	the	coupons	are	dried	in	
air,	and	ten	of	them	are	displayed	separated	from	each	other	on	a	refractory	support.	


































are	placed	beyond	 the	middle	of	 the	 isothermal	 zone	 in	 the	downstream	part	 as	we	had	no	
intent	to	carry-out	the	related	study.	Indeed,	in	Allouche's	work,	morphologies	formed	in	the	
downstream	 part	 were	 found	 to	 correspond	 to	 much	 more	 complex	 mixtures	 than	 in	 the	
upstream	 part,	 making	 difficult	 to	 use	 them	 to	 support	 any	 conclusion	 regarding	 the	
mechanisms	[13Allouche2003].	
It	is	worth	noting	that	the	protocol	above-mentioned	for	the	substrate	preparation	is	the	




the	 initial	 status	 of	 suspended	 individual	 nanoparticles	 was	 never	 able	 to	 be	 recovered.	
Therefore,	 although	 working	 with	 fresh	 suspension	 and	 then	 substrates	 soaked	 in	 it	 was	
preferred	at	some	point,	the	various	experiments	include	different	solution	qualities	(we	have	
worked	 with	 (i)	 an	 "old"	 suspension;	 (ii)	 a	 sonicated	 "old"	 suspension;	 (iii)	 a	 "fresh"	
suspension),	and	the	substrates	were	either	sprayed	with	the	suspension,	or	soaked	in	it	and	
bath-sonicated.	These	variations	are	assumed	to	affect	the	lengthening	step	but	not	significantly	








The	 furnace	 is	 set	 up	 as	 follows:	 temperature	 ramp	 10°/minute,	 starting	 from	 room	
temperature	 up	 to	 1390°C9.	 From	 room	 temperature	 to	 500°C,	 200	 sccm	 argon	 flow	 is	




























order	 to	 avoid	 carbon	 oxidation	 and	 prevent	 the	 deposition	 of	 unwanted	 pyrolytic	 carbon.	
Finally,	a	flow	of	CH4/H2=1/2,	or	1/4	is	established	at	1390°C	for	the	thickening	process	during	













Our	 experiments	 are	 based	 on	 the	 previous	 synthesis	 conditions	 established	 in	
[12Monthioux2006,	13Allouche2003]	and	summarized	 in	Table1.	We	will	report	only	on	the	
final	experiments,	 i.e.	 those	that	were	successful	 in	growing	cone-related	sub-morphologies,	




our	 starting	 experimental	 conditions,	which	will	 be	 used	 as	 reference	 ones,	 are	 as	 follows:	
CH4/H2	(flow	rate)	=	1/2	for	a	total	flow	rate	FLOW3,	set-up	temperature	(isothermal	zone)	of	
1390°C,	 thickening	 time	of	 120	minutes	 (Table2a).	Other	 flow	 rate	 values	 FLOWi	 used	 are	
reported	in	the	following	as	FLOW1	to	FLOW8,	for	which	the	flow	rate	value	increases	along	
with	the	incremental	number	i.	






results.	As	 shown	 in	(a)	 of	Table2	 (afterwards	 referred	 to	as	experiment	Tab2a),	we	have	
obtained	beads	combined	with	well-developed	cones	 far	before	the	center	of	 the	 isothermal	
zone	 already	 (substrate	 #5),	 which	 had	 never	 happened	 in	 Allouche's	 experiments.	
Nevertheless,	 our	 results	 tend	 to	 globally	 agree	 with	 those	 of	 [13Allouche2003]	 for	 some	
aspects:	 (i)	 substrates	 are	 never	 representative	 of	 a	 single	morphology	 but	 of	 a	mixture	 of	
several,	yet	with	a	prevalent	one;	(ii)	the	morphological	F	factor	increases	from	substrates	#1	
to	#10,	i.e.,	as	the	gas	phase	maturation	increases.		
On	 the	 other	 hand,	 unlike	 in	 Allouche's	 results,	 the	 deposited	 thickness	 is	 found	 to	
continuously	decrease	from	substrates	#1	to	#10	instead	of	reaching	a	maximum	somewhere	






#10	 SB	morphologies	with	 fully	developed	 cones	 are	 formed,	 however,	 the	diameter	 of	 the	





























































































































































































































































































































































































A	major	 difference	 with	 Allouche's	 results	 (Table1)	 is	 that	 SBs	 were	 only	 obtained	 at	 the	
ultimate	time	of	flight	and	for	the	isothermal	temperature	of	1295°C	in	his	experiments,	against	
1390°C	and	for	a	large	range	of	times	of	flight	here.	It	is	assumed,	according	to	Table1,	that	the	
SSF	morphology	 requires	 ultimate	maturation	 conditions	 (highest	 temperature	 and	 longest	
time	of	 flight)	 to	be	 formed,	but	 those	were	already	 reached	 in	our	 furnace	yet	 resulting	 in	
producing	SBs	only.	Therefore,	the	nature	of	the	species	in	the	gas	phase	has	to	be	modified	
otherwise,	and	we	decided	to	focus	on	changing	the	gas	phase	composition.		
















and	 the	nucleation	because	of	 its	dilution	effect	 for	 the	molecules	active	 in	 these	processes.	
What	 is	 observed	 for	Tab2b	and	Tab2c	with	 respect	 to	Tab2a	 is	 consistent	with	 this:	 the	
increase	in	the	H2	concentration	has	delayed	the	cracking	in	the	early	steps	of	the	deposition,	
leaving	the	gas	phase	enriched	in	carbon	species	for	longer	time	of	flight	and	inducing	thicker	
deposits	 at	 the	 other	 positions	 further	 downstream.	 Following	 the	 logic	 of	 the	mechanisms	
previously	 deduced	 from	 Allouche's	 experiments,	 the	 almost	 vanishing	 of	 the	 bead	 sub-
morphology	 in	#10	of	Tab2a	would	 come	 from	a	depletion	 in	PAH-rich	droplets	of	 the	gas	
phase	 because	 of	 the	 lack	 of	 carbon	 species.	 On	 the	 other	 hand,	 in	Tab2b	 and	Tab2c,	 the	
concentration	in	carbon	species	at	these	positions	has	increased,	hence	allowing	an	increased	
formation	of	PAHs	and	a	subsequent	higher	thickness	of	the	bead	sub-morphologies.		






Table3	 gathers	 a	 series	 of	 experiments	 for	 which	 the	 CH4/H2	 concentration	 ratio	 is	
progressively	 decreased	 from	 1/2	 (top)	 down	 to	 1/3	 (bottom)	 by	 decreasing	 the	 CH4	











































































































































































































































































































































































































































































































































































































































































































































































































































































































filaments	 no	 longer	 exhibit	 any	 rough	 surface	 deposit	 instead	 (see	Tab3c).	 Therefore,	 the	
deposited	thickness	increases	from	Tab3a	to	Tab3b	and	then	decreases	from	Tab3b	to	Tab3c,	
while	the	CH4/H2	concentration	ratio	decreases	all	along.	This	might	look	surprising,	but	it	may	
be	 explained	 by	 the	 fact	 that	 the	 CH4	 concentration	 for	 Tab3c	 is	 the	 lowest	 of	 all	 the	








Table4	 gathers	 a	 series	 of	 experiments	 for	 which	 the	 CH4/H2	 concentration	 ratio	 was	
progressively	 decreased	 from	 1/2	 (top)	 down	 to	 1/4	 (bottom)	 by	 increasing	 the	 H2	
concentration	 only	while	 leaving	 the	 CH4	 concentration	 unchanged,	 resulting	 in	meanwhile	
increasing	the	total	flow	rate.	
Because	the	CH4	concentration	is	sufficient	(1.5	times	that	for	Tab3c),	PAH-related	sub-
morphologies	 (e.g.,	 beads)	 are	 always	 present	 even	 at	 position	 #10	 whatever	 the	 H2	




Tab4e.	Therefore,	 the	higher	 the	H2	 flow	rate,	 the	more	delayed	 is	 the	 formation	of	 the	SB	
morphology	as	the	main	effect,	whereas	the	incidence	on	the	thickness	deposited	is	subordinate	






between	FLOW7	(Tab	4d)	and	FLOW8	(Tab	4e)	 instead.	This	 is	quite	promising,	because	 it	













• Despite	a	 large	 range	of	CH4	and	H2	 concentrations	was	 investigated,	 it	 tends	 to	mostly	
affect	the	deposited	thickness,	and	not	so	much	the	type	of	morphology	formed,	especially	
at	the	center	of	the	isothermal	zone.	










the	 isothermal	 zone,	 hence	 at	 the	 longest	 time	 of	 flight	with	 respect	 to	 the	 furnace	 portion	





the	 isothermal	 zone	 and	 for	 the	 highest	 temperature	 available	 (1390°C).	 The	 only	 way	 to	
increase	the	maturation	further	and	possibly	reach	the	needed	conditions	to	form	SSF	could	
then	 be	 to	 increase	 the	 time	 of	 flight	 by	 (i)	 considering	 the	 downstream	 part	 of	 the	














Validating	 the	 formation	mechanisms	of	 the	peculiar	 cone-bearing	morphologies	previously	
proposed	(see	Section	1.5)	supposes	to	confirm	the	hypothesis	of	the	formation	and	co-presence	
of	PAH-containing	droplets	in	addition	to	radicals	at	some	moment	during	the	time	of	flight	and	
in	 variable	 proportions	 within	 the	 gas	 phase.	 One	 question	 is	 then	 whether	 there	 is	 any	
observation	in	our	experiments	that	might	not	be	consistent	with	this	scenario,	another	one	is	
whether	 another	 scenario	 is	 possible.	 Then,	 after	 questioning	whether	 the	 first	 step	 of	 the	
deposition	 onto	 the	 carbon	 nanotube	 surface	 is	 driven	 by	 the	 droplet	 behavior	 and	 the	
competition	 between	 droplets	 and	 radicals,	 another	 important	 issue	 to	 consider	 to	 better	
understand	 the	 growth	mechanism	 of	 these	morphologies	 is	 to	 characterize	 the	 cone-apex	














phase.	 The	 formation	 of	 islands	 takes	 place	 from	 the	 beginning	 of	 condensation,	 if	 the	
interaction	energy	between	the	depositing	species	(cohesion)	is	larger	than	that	between	
the	deposit	and	the	substrate	(adhesion)	












i.e.,	a	nanosized	 filament,	which	has	 little	 to	do	with	the	kind	of	surfaces	usually	considered	
when	discussing	these	growth	models;	another	is	the	fact	that	the	chemical	composition	of	the	
depositing	 species	 (hydrocarbons)	 evolves	 during	 the	 formation	 of	 the	 deposit	 which	 may	














liquid,	 wherever	 it	 forms.	 In	 addition	 to	 the	 support	 of	 the	 literature	 previously	 cited	





the	 cones	 (yet	 solid)	 [12Monthioux2006];	 (iii)	 the	 axisymmetric	 geometry	 of	 the	 primarily	
formed	double	 cones	 (Fig.8a).	 Therefore,	 the	occurrence	 of	 a	 liquid	 phase,	 even	 transitory,	
seems	 to	 be	 likely.	 Even	 Hüttinger	 and	 coll.,	 whose	 particle-filler	 model	 originally	 did	 not	
consider	the	existence	of	a	liquid	phase	[35Dong2002],	admitted	it	once	as	a	possibility:	"Due	to	
the	 slow	 rate	 of	 condensation	 reactions,	 the	 life-time	 of	 the	 polycyclic	 aromatic	hydrocarbons	
should	be	sufficient	to	permit	the	formation	of	a	transient	liquid	and,	in	particular,	a	mesogenic	
film	in	which	orientation	processes	are	possible	before	carbon	is	formed"	[10Hu2002].	Meanwhile,	
they	 considered	 as	 "relatively	 unimportant	 whether	 or	 not	 nucleation	 is	 based	 on	 the	

























Back	 in	 the	 XIXth	 Century,	 such	 an	 instability	 was	 first	 used	 to	 explain	 the	 spontaneous	






liquids	 whatever	 their	 rheological	 properties	 as,	 according	 to	 [50Mora2010],	 the	 same	







number	 Bo	 or	 the	 Goucher	 number	 Go	 (where	 Bo	 =	 Go2,	 with	 Go	 =	 fiber	 radius/capillary	
length10)	is	small	(Bo	<<	1),	which,	in	practical,	occurs	as	soon	as	the	filament	radius	is	lower	
than	~50	µm	[51Carroll1976],	or	even	lower	than	a	fraction	of	a	millimeter	according	to	Quéré	
[52Quéré1999].	 In	 such	 conditions,	 when	 considering	 physical	 systems	 involving	 droplets	
deposited	onto	fibers	(which	is	assumed	to	occur	with	PHA-containing	droplets	deposited	onto	
a	 CNT),	 the	 PRI	 can	 explain	 common	 observations	 concerning	 the	 shape	 of	 the	 deposited	
droplets	 and	 their	 periodicity	 and	 regularity	 (Fig.17)	 in	 various	 systems,	 from	microscale	
[53Haefner2015]	 down	 to	 sub-microscale	 [54Dolado2019]	 and	 nanoscale	 [55Kolb2005]	
(referring	to	 the	 fiber	radius).	 In	particular,	Dolado	et	al.	 reported	the	 formation	of	micron-
sized	bead-like	SnO2	particles	onto	Zn2GeO4	nanowires	with	diameters	of	100-300	nm,	forming	



















effect),	 the	 surface	 tension	 drives	 the	 shape	 and	 configuration	 of	 the	 droplet	 which	 either	
adopts	a	non-symmetrical	shape	(Fig.17a1)	or	an	axisymmetrical	shape	(Fig.17a2),	depending	
on	 the	 droplet	 volume	 and	 the	 fiber	 radius	 [56Carroll1986].	 This	 is	 the	 basis	 of	 the	
discrimination	 between	 the	 two	 cases	 of	 partial	 wetting	 mentioned	 by	 Dujardin	
[37Dujardin1999]	and	already	illustrated	in	Fig.10.	
On	 the	other	hand,	when	 a	 continuous	 liquid	 film	 –	 instead	 of	pre-formed	droplets	 -	 is	
deposited	onto	a	filament	so	that	to	cover	the	whole	surface,	the	PRI	enforces	the	film	to	break	
into	 axisymmetrical	droplets	 (otherwise	designated	 as	 "onduloidal"	 [49deGennes2005])	 at	 a	
speed	that	depends	on	the	liquid	rheology	and	the	fiber	surface	energetics	(Fig.17b).		
The	 key-parameters	 to	 considerer	 are	 the	 original	 thickness	 of	 the	 liquid	 film	 h,	 the	
wavelength	l	of	the	onduloidal	droplet	display	once	the	PRI	effect	has	played,	and	the	diameter	
2r	of	 the	 fiber.	These	parameters	are	related	 in	equation	(1)	providing	the	 film	thickness	 is	
"moderate	or	thin"	[57Goren1964]:	
















liquid	 may	 wet	 carbon	 nanotubes	 until	 a	 cut-off	 value	 of	 its	 surface	 tension	 in	 the	 100-
200	mN/m	range	is	reached.	A	pitch-like	nature	of	the	droplets	was	hypothesized	in	Allouche's	
work.	 This	 is	 a	 reasonable	 assumption	 as	 the	 recombination	 reactions	 combined	 with	
secondary	 cracking	 in	 the	 gas	 phase	 certainly	 produce	 a	 variety	 of	 cyclic	 and	 non-cyclic	
hydrocarbons	in	their	path	to	forming	PAHs.	Therefore,	the	droplets	are	a	mixture	of	PAHs	and	
lighter	molecular	weight	hydrocarbons,	 as	pitches	are.	Pitches,	on	 the	other	hand,	 exhibit	 a	
large	 variety	 of	 chemical	 composition,	 as	 they	 are	 solid	 residues	 of	 coal	 tar	 or	 petroleum	










is	 fully	 consistent	with	 the	 axisymmetric	 shape	 of	 the	 primarily	 deposited	 double-cones	 as	
illustrated	in	Fig.8a.	Several	experimental	evidences	support	this	statement:	in	their	attempts	
to	 reproduce	 the	work	carried-out	at	API,	Ting	and	Lan	 [41Ting2000]	have	obtained	an	 all-
carbon	morphology	that	definitely	looks	like	a	series	of	axisymmetrical	droplets	periodically	
dispatched	along	a	string	(Fig.17c)	as	predicted	by	the	PRI	effect.	Moreover,	smaller,	subsidiary	










smaller	droplets	 [57Goren1964].	Also,	 it	 is	 striking	how	close	 the	PNBF	morphology	 (Fig.2)	
resembles	the	onduloidal	broken	film	morphology	illustrated	in	Fig.17b-bottom,	and	the	LGCF	








































two	 wetting	 cases	 refer	 to	 Figs.10	 and	 17a.	 The	 sketches	 focus	 on	 the	 formation	 of	 SB	 (left)	 and	 SSF	 (right)	





















































STM	 testing,	 the	 topography	of	 the	 cone	was	 found	 to	have	become	somehow	exfoliated	as	
shown	 in	Fig.21b,	 looking	 like	 the	 graphenes	 have	 unwrapped.	 This	 is	 exactly	 how	 Bacon	
[66Bacon1960]	 actually	 demonstrated	 that	 the	 carbon	 whiskers	 he	 had	 discovered	 were	
actually	built	up	from	a	limited	numbers	of	helicoidally	wrapped	graphene	layers,	as	illustrated	
























































graphenes	 helicoidally	 wrapped,	 instead	 of	 concentric	 graphene	 cylinders	 with	 heights	 as	










shown	 in	Fig.5c.	This	 is	because	 the	 image	 in	Fig.5c	was	 taken	with	a	TEM	(Philips	CM30)	












Two	apices	are	shown,	 in	Fig.22d	and	Fig.23c,	 respectively.	Their	diameter	 is	between	5	to	






a	 80	keV	 electron	 beam	 can	 significantly	 damage	 the	 graphenes	 if	 care	 is	 not	 taken	 of	 not	
avoiding	 long	exposure,	specifically	close	to	 the	apex.	This	sensitivity	to	electron	 irradiation	
may	be	due	to	the	fact	that	all	the	graphenes	close	to	the	apex	exhibit	a	defective	termination,	
either	as	a	free	edge,	or	as	a	zip	(see	below)	joining	two	adjacent	graphenes.	Similarly,	enhanced	










stress	 generated	 at	 such	 a	 nanosized	 dimension	 (as	 in	 small-diameter	 nanotubes).	 When	
superimposed	graphenes	have	 their	 edges	 close	 to	each	other,	 the	 carbon	atoms	 from	both	
graphenes	bond	to	each	other	in	order	to	lower	the	system	energy	by	eliminating	the	dangling	
bonds.	 The	 event	 is	 probably	 helped	 by	 the	 fact	 that	 the	 graphene	 layers	 exhibit	 the	 same	
helicity,	as	previously	demonstrated	(Fig.7).		
It	is	worth	noting	that	lip-lip	interaction	between	superimposed	graphenes	that	close	on	
each	other	 is	 a	 common	observation	 for	graphene-based	objects	grown	or	annealed	at	high	
temperatures,	such	as	polyhedral	crystals	[72Gogotsi2000,	73Okuno2005],	platelet	nanofibers	















for	graphenic	materials.	 For	 instance,	 the	D	band	 (around	1330	cm-1)	 results	 from	a	double	
resonance	process	and	originates	from	the	inelastic	scattering	of	an	electron	by	a	defect	(e.g.,	


































a	 continuous	decrease	 from	 the	microfiber	part	 to	 the	 cone	 tip	 indicating	a	variation	of	 the	
defect	type	present	along	the	morphology	(insets	in	Fig.25):	for	the	microfiber	part	(A)	and	the	
cone	base	part	(B),	the	ID/ID’	ratios	were	2.2	and	1.9	respectively,	whereas	the	cone	apex	showed	
a	 very	 low	 value	 of	 1.5.	 In	 the	 case	 of	 the	microfiber	 part	 (A),	 the	 value	 2.2	 can	 be	 in	 part	
associated	with	graphene	stacks	with	small	La.	On	the	other	hand,	the	lowest	ID/ID’	ratio	of	1.5	




















the	 D'	 band	 [83Venezuela2011].	 Therefore,	 the	 extreme	 deformation	 enforced	 to	 the	 bond	























have	considered	Allouche's	hypothesis	about	 the	existence	of	 the	 liquid	phase	as	preformed	
droplets	 within	 the	 frame	 of	 the	 overall	 understanding	 of	 wetting	 phenomena,	 specifically	
regarding	 the	 wetting	 of	 strings	 by	 liquids,	 which	 involves	 the	 so-called	 Plateau-Rayleigh	
instability	(PRI)	as	a	driving	phenomenon.	This	has	generated	two	important	conclusions:	(i)	





the	 incompatibility	 between	 the	 theoretical	 onduloidal	wavelength	 value	 deduced	 from	 the	
equations	 related	 to	 the	 PRI	 and	 the	 actual	 periodicity	 observed	 between	 the	 final	
morphologies,	the	direct	deposition	of	preformed	droplets	onto	the	primary	CNTs	should	be	
considered	as	well.	
A	 valuable	 side-benefit	 is	 the	 enhanced	 understanding	 of	 the	 overall	 deposition	
mechanisms	of	pyrolytic	carbon.	Indeed,	the	composition	of	the	gas	phase	in	a	CVD	reactor	as	
ours	is	independent	of	the	substrate	type.	In	that	sense,	using	carbon	nanotubes	as	deposition	








for-long	Bacon	whiskers.	 At	 the	 cone	 apex,	which	 is	 the	most	 important	 part	 regarding	 the	
possible	use	of	carbon	cones	as	SPM	probes	that	will	be	investigated	in	Chapter	4,	the	way	cones	
grow	 leave	 free	 graphene	 edges	 that	 tend	 to	 close	 onto	 each	 other	 by	 pairs	 as	 a	 probable	
behavior	to	minimize	the	free	energy,	specifically	for	graphenes	with	short	radii	of	curvature.	
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« Continuous improvement is better 


























Scanning	Tunnelling	Microscopy	 (STM),	 Scanning	Near	Optical	Microscopy	 (SNOM)	etc.	The	
AFM	 consists	 in	 recording	 the	 topography	 of	 a	 wide	 range	 of	 materials	 thanks	 to	 the	




probe	 characteristics	 determine	 the	 resolution	 as	 well	 as	 the	 analytical	 scope	 of	 the	 SPM	
[3futuremarket2011,	 4Bhushan2010,	 5Nguyen2005].].	 Therefore,	 the	 development	 of	 a	
technological	 process	 able	 to	 shape	 the	 right	 material,	 with	 the	 required	 geometric	
characteristics	is	one	of	the	big	challenges	for	scanning	probes	as	nanometrology	tools	in	many	
fields	 including	 nanotechnology	 research	 and	 industrial	 manufacturing	 process	
[3futuremarket2011].	Such	a	challenge	involves	the	consideration	of	physical	properties	such	
as	 mechanical	 ones	 (wear	 resistance,	 brittleness)	 and	 chemical	 inertness	 [5Nguyen2005],	








Cantilevers	 are	 defined	 by	 their	 geometry	 such	 as	 length,	 width,	 thickness	 and	mechanical	
properties	 such	 as	 the	 constant	 force	 (otherwise	 named	 "spring	 constant")	 and	 resonance	
frequency.	The	constant	force	and	resonance	frequency	parameters	define	the	quality	factor	Q	
(Q=	ƒ0/𝛥ƒ),	which	is	the	ratio	between	the	resonance	frequency	of	the	maximum	amplitude	over	




















biggest	challenges	 for	AFM	is	 to	obtain	a	 faithful	representation	of	 the	sample	surface	when	
high	roughness	is	present	[6Stevens2009,	7marsaudon2008].	For	such	a	purpose,	a	tip	with	a	
small	apex	radius	is	necessary.	However,	a	trade-off	on	the	tip	length	must	be	found:	a	short	
length	will	 limit	 the	 analysis	 of	 deep	 roughness,	 whereas	 a	 long	 length	will	 impact	 on	 the	
mechanical	 rigidity	 of	 the	 tip	 (hence	 likely	 to	 generate	 breaking,	 deformation,	 thermal	
vibrations).	 This	 trade-off	 is	 strongly	 dependent	 on	 the	 tip	 material.	 According	 to	



























adding	 fabrication	 steps	 such	 as	 ion-milling	 or	 (electro)chemical	 etching	 are	 required	
[1Eaton2010,	5Nguyen2005].	Examples	of	such	probes	from	the	market	are	provided	in	Fig.3a	
and	 3b.	 Tips	 sharpened	 by	 these	 methods	 show	 an	 unstable	 mechanical	 behavior	
[5Nguyen2005]	 by	 a	 change	 in	 the	 tip	 morphology	 and	 some	 undesirable	 tip-sample	
interactions.	 These	 facts	 impact	 drastically	 their	 performances	 for	 high	 resolution	 imaging	
[2Wilson	 2009,	 5Nguyen2005,	 6Stevens2009].	 As	 a	 ceramic	 material,	 silicon	 is	 brittle	
[5Nguyen2005,	11Guo2005],	affecting	the	wear	resistance	and	durability	of	the	probes,	and	tend	
to	 break	 easily.	 Furthermore,	 even	 if	 silicon	 can	 behave	 as	 a	 conducting	material	 thanks	 to	
doping	 processes,	 metal	 (e.g.	 gold)	 coating	 steps	 are	 needed	 to	 enhance	 the	 electrical	
conductance	of	SPM	silicon	probes.	Conductive	probes	combining	silicon	cantilevers	and	metal	
















For	overcoming	 the	 limitations	of	 silicon,	 low	dimensional	 carbon	 tips	have	been	proposed,	
starting	with	CNTs	[7Marsaudon2008,	14Ye2004,	15Dai1996,	16Bernard	2008].	This	material	
exhibits	 excellent	 physical	 properties:	 high	 mechanical	 strength	 and	 Young	 modulus	
[17Treacy1996,	 18Wong1997],	 good	 wear	 resistance	 [5Nguyen2005,	 6Stevens2009,	
10Guo2005],	and	good	electrical	conductivity	[15Dai1996].	Then,	diamond	has	also	been	used	
for	 specific	 modes	 [3futuremarket2011,	 19Hantschel2016].	 However,	 since	 these	 carbon	
materials	are	developed	through	bottom-up	methods	like	CVD,	their	integration	on	cantilevers	
requires	 the	 combination	 of	 microfabrication	 and	 nanofabrication	 processes	
[3futuremarket2011,	 6Stevens2009].	 In	 the	 particular	 case	 of	 tips	 based	 on	 CNTs,	 several	
methods	ranging	from	direct	manipulation	to	direct-CCVD	growth	of	a	CNT	onto	a	cantilever	











high	 aspect	 ratio	 cylindrical	 shape,	 they	 grow	 most	 of	 the	 time	 as	 bundles	 with	 random	








the	one	hand,	 and	a	 large	 lateral	 flexibility	on	 the	other	hand	 [22Liu2004].	 In	 consequence,	
microfabrication	 and	 micromanipulation	 techniques	 are	 used	 to	 perform	 after-growth	
modifications	 (i.e.	 shortening,	 alignments)	 while	 mounting	 the	 tips	 onto	 the	 cantilever	
[15Dai1996,	 20Stevens2006,	 23Xu2009].	 The	 first-developed	 micromanipulation	 technique	
consisted	in	fixing	the	nanotube	tip	onto	a	pyramidal	silicon	probe	under	an	optical	microscope	
[15Dai1996].	Then,	Xu	et	al.	 proposed	an	 improvement	of	 that	method	using	a	dc	electrical	
current	between	 the	nanotube	 tip	and	a	metal-coated	 silicon	one	 to	 reduce	 the	undesirable	
excess	length	of	the	protruding	tip	[23Xu2009].	However,	probes	cut	by	this	method	exhibited	
an	open-ended	tip,	which	could	tend	to	generate	artefacts	during	imaging.	To	remediate	this,	
more	 sophisticated	methods,	 for	example	 the	 use	of	 a	Scanning	Electron	Microscope	 (SEM)	
equipped	 by	 a	 dual	 ion/electron	 beam	 facility	 have	 also	 been	 developed	 [21Martinez2005,	
24Yuzvinsky2005,	25Strus2005,	26Slattery2013]	Cross-	or	dual-beam	methods	are	claimed	to	
allow	both	good	alignment	and	close-ended	cut	tips,	while	positioning	and	fixing	the	tip	on	the	
cantilever	 [20Stevens2006,	 23Xu2009].	 However,	 controlling	 the	 tip	 position	means	 a	 good	
bonding	of	the	tip	on	the	cantilever	so	that	the	angle	j	made	by	the	tip	axis	with	respect	to	the	
normal	to	sample	surface	is	as	close	as	possible	to	0°,	which	means	that	the	tip	axis	should	make	
an	 angle	 of	 11°	 to	 compensate	 the	 cantilever	 angle	 enforced	 by	 the	 AFM	 probe-holder	
configuration,	 which	 also	 exhibits	 a	 tilt	 angle	 of	 11-13°	 (see	Fig.5).	 This	 requires	 a	 highly-
reproducible	 process.	 Furthermore,	 when	 using	 ion	 or	 electron	 beam	 irradiation,	 a	 special	
attention	 should	 be	 paid	 to	 avoid	 possible	 damages	 to	 the	 nano-micro	 "structures"	
[24Yuzvinsky2005,	27Raghuveer2004,	28DeTeresa2009],	as	they	are	likely	to	modify	the	tip	in	











Others	 methods	 based	 on	 dielectrophoresis	 [8Hu2019,	 29Dremov2015],	 or	 electrochemical	
processes	 [30Hafner1999,	 31deJonge2003]	 are	 also	 used	 for	 ensuring	 tip	 alignment	 and	
geometric	shape	without	inducing	further	modifications.	However,	growing	individual	CNT	tips	



























well	 aligned	 tips,	which	 can	 lead	 to	 tip-sample	 damages	 or	 imaging	 artifacts	 for	 some	 SPM	













NT-MDT  Diamond-like Carbon 1 à 3 < 20 60# 
Bruker EBD Carbon 30 120 485# 
Bruker* MWCNT 10 à 15 350 1750# 
CDI  Polymer-coated MWCNT  20 à 25 200 150# 
NanoScience* MWCNT 10 à 30 500 320# 
NanoSensors SWCNT/DWCNT 1,2 ou 2,4 < 750 465# 
Bruker, OTESPA-R3 Silicon 10 n. a. 30 
Bruker, TESPA-HAR Silicon 10-15 4000-5000 78 
Bruker, TESP-SS Silicon 2-5 ~200  64 
Bruker, TESPA-V2 Silicon 10 n. d. 31 
Micromash 
HQNSC15 
(Si+ 30nm Pt coating) 8 (before coating) and 
30 (after coating) 
n. d. 24 
NanoWorld Arrow 
NCR-10 
Silicon 10 12-18 28 
*No longer on market. Market prices (right-hand column) marked with # are from ~2013. 





































































or	 FEBID),	 Rxx-Cxx	 is	 the	 ID	 number	 of	 the	 cantilever,	 and	 n	 is	 the	 order	 number	 in	 the	
fabrication	chronology.	


























Two	different	 cantilever	batches	were	manufactured.	The	two	 types	differ	on	 their	nominal	
thickness	 values:	 4.5	µm	 for	 one	 batch	 (Type1),	 and	 0.5-1	µm	 for	 the	 other	 (Type2).	 In	
consequence,	 they	 also	 exhibit	 different	 nominal	 spring	 constant	 and	 resonance	 frequency	
ranges:	 40N/m,	 200-400	kHz	 for	 Type1	 cantilevers;	 and	 25N/m,	 90-180	 kHz	 for	 Type2	
cantilevers.	The	quality	 factor	(Q)	was	directly	measured	 in	the	range	of	700-800	for	Type1	






(UV)-curable	Norland	 (NOA	68)	optical	 adhesive	 resin.	The	mounting	 steps	are	 sketched	 in	
Fig.10.	 The	 assembling	 is	 conducted	 by	 means	 of	 a	 three-axis	 micromanipulator	 (from	
Micromanipulator,	Inc.)	under	an	optical	microscope.	SSF	morphologies	are	scrapped	from	the	
Papyex®	substrate	so	that	they	fall	down	onto	a	few-centimeter-large	piece	of	silicon	wafer	in	







                                                             
13	Upon	funding	by	the	ANR	project	CANAC.	








lamp	 (24	 W,	 specimen	 at	 ~5	 cm	 distance)	 with	 a	 350-380	nm	 wavelength	 range.	 Such	 a	
wavelength	is	not	in	the	range	of	adsorption	of	CNTs	[38Berd2012]15,	hence	we	assumed	that	it	
is	 not	 harmful	 to	 the	 concentric	 graphenes	 making	 the	 cones	 either.	 The	 whole	 mounting	
process	takes	15-20	min	to	be	performed	by	a	trained	operator.	Finally,	SEM	characterization	
is	 conducted	 to	 verify	 the	 alignment	 and	 orientation	 of	 the	 cone	 tip	 with	 respect	 to	 the	
cantilever	groove.	The	in-plane	angle	named	q	and	to	the	out-of-plane	angle	named	j		represent	










                                                             
15	Indeed,	[38Berd2012]	observed	that	single-wall	carbon	nanotubes	were	not	found	to	exhibit	any	absorption	in	



















previously	 developed	 at	 CEMES	 to	 cut	 a	 SSF	morphology	 by	 half	 and	 then	 to	 fix	 it	 onto	 an	





or	W).	 This	metal	 deposition	 is	 generated	 by	 a	 gas	 injection	 system	 (GIS,	 similar	 to	 that	 in	
Fig.11b)	 which	 spreads	 organometallic	 precursor	 molecules	 which	 are	 decomposed	 and	
ionized	by	a	Ga	ion	beam,	whose	resulting	ions	are	somewhat	focused	on	the	area	to	cut	or	weld.	













































Defined	protocol:	 a	 SSF	morphology	 is	 selected	 (Fig.12a)	 and	 then	grabbed	 (either	directly	
from	 the	 growth	 substrate	 or	 after	 having	 scratched	 the	 growth	 substrate	 above	 a	 silicon	
substrate	so	that	the	free	morphologies	can	fall	down	onto	it)	with	micromanipulator	clamps	
(Fig.12b)	 to	be	positioned	into	the	cantilever	groove	(Fig.12c)	and	then	deposited	there	by	
releasing	 the	 clamps	 (Fig.12d).	 Then,	 a	 metal	 deposit	 from	 an	 organometallic	 precursor	
((CH3)3Pt(CpCH3)	for	platinum	or	W(CO)6	(55%	W,	30%	C,	15%	O)	for	tungsten)	decomposed	
and	ionized	by	an	electron	beam	is	used	to	weld	the	local	interface	between	the	short-fiber	part	















and	 the	 cantilever).	 This	 may	 explain	 the	 incidental	 loss	 of	 the	 probe	 that	 has	 happened	
sometimes,	 or	 unusual	 features	 in	 the	 resonance	 frequency	 curve	 for	 some	 carbon	 cone-
equipped	cantilevers,	which	might	reveal	a	loose	welding	(see	forthcoming	Fig.14).	
As	 can	 be	 seen	 by	 comparing	 Fig.12	 with	 Fig.10,	 the	 contact	 surface	 and	 the	 vertical	
alignment	tend	to	be	better	in	the	case	of	the	gluing	process,	after	which	the	microfiber	part	is	
firmly	 fixed	 by	 being	 fully	 embedded	 in	 the	 resin,	 than	 for	 the	 welding	 assembling.	
Nevertheless,	as	opposed	to	the	gluing	bonding	process,	an	in-situ	characterization	using	the	
high-resolution	 SEM	microscopy	 mode	 while	 conducting	 the	mounting	 process	 is	 possible.	
However,	 the	 SSF	 morphology	 cannot	 be	 seen	 under	 different	 view	 angles	 while	 being	
positioned,	 hence,	 as	 for	 the	 gluing	 process,	 it	 is	 nearly	 impossible	 to	 compensate	 for	 any	







suitable	 for	 subsequently	 welding	 a	 SSF	 morphology	 onto	 it	 and	 was	 making	 the	 probe	
positioning	not	easy	(Figs.13a2-13a3).	This	was	then	abandoned	and	replaced	by	a	gold	wire,	








































Different	 methods	 exist	 for	 characterizing	 a	 SPM	 probe	 [42Wade2004,	 43Fujita2007,	
44Tian2008].	One	of	the	most	used	is	SEM	in	order	to	observe	directly	the	shape	and	determine	
the	 alignment	 and	 position	 of	 the	 cone	 on	 the	 cantilever.	 However,	 as	 SEM	 is	 a	 2D	
characterisation	 technique,	 it	 remains	 a	 very	 hard	 task	 to	 accurately	measure	 the	 tip	 apex	
radius.	 Other	 authors	 [45Han2011]	 refer	 to	 an	 indirect	 characterization	 based	 on	 the	





the	 calibration	 substrate	used	 (TGX1	 from	NT-MDT).	(b)	measurements	 can	be	 drawn	 from	 the	AFM	profile.	 (c)	









However,	 the	 recurrent	misalignment	of	 the	 cone	axis	with	respect	 to	 the	desired	direction	






















allow	 roughly	 estimating	 the	 apex	 radius	 of	 the	 cone	 tips.	 Apex	 radii	R1	 and	R2	 for	 the	 as-
synthesized	 carbon	 tips	 shown	 in	 Figs.17a-17b	 are	 2.2	 and	 3	nm,	 respectively.	 However,	
depending	 on	 the	 surface	 characteristics	 to	 be	 investigated	 (for	 instance,	 a	 surface	 with	 a	
roughness	 below	1	 nm)	 smaller	morphological	 features	 of	 the	 apex	 surface	 other	 than	 the	


















Secondary	 electron	 images	 from	 the	 SEM	 Zeiss	 1540	 XB	 were	 systematically	 used	 to	




with	respect	 to	 the	symmetry	plane	of	 the	cantilever	(which	contains	the	groove	axis).	This	
alignment	can	be	defined	by	two	deviation	angles,	i.e.	the	out-of-plane	angle	q		and	the	in-plane	
































mounting	 the	 cones	 as	 electron	 emitters	 at	 the	 apex	 of	 a	 W	 tip	 [39Houdellier2012,	






























sample	 is	required	 in	order	to	 favor	the	elastic	sample-electron	 interactions	responsible	 for	
generating	the	images.	Most	of	the	time,	the	samples	are	deposited	onto	a	copper	grid	to	be	
introduced	in	the	microscope	(this	is	how	images	from	Ch.2-Figs.5,	7,	and	Ch.2-Figs.22	to	24	
were	 obtained,	 for	 example).	 As	 the	 cones	 were	 mounted	 on	 cantilevers,	 a	 special	 TEM	




































change.	 This	 is	 somehow	 consistent	 with	 the	 literature,	 as	 FIBID	 Pt	 deposition	 was	
acknowledged	to	provoke	higher	disorder	and	impurity	content	than	FEBID	by	the	presence	of	
a	 higher	 concentration	 of	 Pt	 grains	 in	 the	material	 as	well	 as	 possible	 Ga	 ion	 implantation	
[28DeTereza2009].	Furthermore,	ion	beam	was	found	to	be	able	to	break	C-C	bonds	and	change	
the	 structural	 properties	 of	 carbon	 materials	 at	 least	 when	 elevated	 voltages	 are	 used	
[27Raghuveer2004,	 46Krasheninnikov2010]18.	An	 important	 statement	 is	 that,	 in	 spite	of	 the	
relatively	low	voltage,	it	was	observed	that	the	carbon	material	from	the	tips	was	quite	sensitive	
and	amorphized	rapidly	under	the	electron	beam,	so	that	it	was	impossible	to	determine	which	












on	 atom	 displacements	 [47Banhart1999,	 48Smith2001].	 TEM	 is	 also	 useless	 for	 merely	
characterizing	 probe	 apices	 before	 use	 since,	 as	 the	 result	 from	 the	TEM	 investigation,	 the	
probes	would	be	subsequently	too	damaged	to	be	used.	
This	high	sensitivity	of	the	carbon	cones,	especially	at	their	apex,	to	electron	irradiation	in	the	
energy	 range	 used	 (80	 or	 100	 keV)	 during	 our	 TEM	 investigation	was	 unexpected,	 as	 it	 is	
atypical	 for	 carbon	 nano-objects	 with	 very	 similar	 texture	 and	 nanotexture	 such	 as	 arc-
prepared	 concentric	 MWCNTs,	 and	 even	 for	 SWCNTs.	 For	 instance,	 an	 electron	 energy	





is	 none	 in	 MWCNTs.	 Another	 is	 the	 increased	 sensitivity	 of	 defective	 carbon	 lattices	 to	
irradiation.	 This	 was	 observed	 for	 instance	 in	 SWCNTs	 increasingly	 altered	 by	 chemical	
treatments	 [49Monthioux2001].	 In	 both	 cases	 –	 defective	 structure	 and	 graphene	 edges	 -	
undercoordinated	carbon	atoms	are	involved,	which	generate	a	higher	sensitivity	to	irradiation	
as	 compared	 to	 fully	 coordinated	 carbon	 atoms	 [50Krasheninnikov2005].	 This	 might	 then	


























maintain	 their	 structural	 integrity	because	 the	power	and	wavelength	of	 the	UV	 irradiation	
lamp	used	 is	not	 in	 the	range	of	absorption	of	graphene	cylinders.	But	 the	 latter	 is	right	 for	
CNTs,	which	exhibit	no	defective	graphene	terminations	as	opposed	to	cones,	which	exhibit	
many.	Would	it	be	possible	that	those	defective	terminations	might	make	the	cones,	at	least	the	
cone	 surface,	 also	 likely	 to	 be	 somewhat	 damaged	 by	 the	 UV	 conditions?	 As	 the	 TEM	
investigation	is	not	always	able	to	provide	reliable	structural	information	of	our	carbon	cones,	
the	Raman	investigation	reported	at	the	end	of	Chapter	2	(Section	2.4.2)	fortunately	provided	
structural	 information	 on	 glued	 cones	 that	 is	 reasonably	 consistent	 with	 the	 structural	
information	 obtained	 by	 80	kV-TEM	on	 as-synthetized	 cones.	 Therefore,	 a	 SSF	morphology	





segment	 and	 the	 cone	 base,	 thereby	 partly	overlapping	 both.	This	 experimental	 choice	was	
preferred	 because	 the	 apices	 left	 after	 each	 of	 the	 mounting	 processes	 are	 not	 really	
comparable,	 since	 the	TEM	 investigation	 showed	 that	 they	 have	 been	 shortened	 in	 various	









• For	 the	gluing-prepared	probe,	 the	 spectrum	 is	 consistent	with	 those	already	 shown	 in	
Ch.2-Fig.25.	The	 ID/IG	 ratio	(0.45)	 is	 in	 the	same	range	as	spectra	A	or	B	 in	Ch.2-Fig.25	

























                                                             






of	 focused	 ions	 (FIBID)	heavily	amorphizes	 the	 carbon	material	surface,	whereas	 the	use	of	














The	 feasibility	 and	 limitation	 of	 preparing	 carbon-cone-based	 SPM	 probes:	 Diverse	





standards	 and	 compared	 to	 regular	 Si-probes	 could	 not	 be	 achieved.	 Although	 using	 the	
























from	 a	 confirmation	 of	 it	 by	 a	 80	 kV-HRTEM	 investigation	 yet	 to	 carry-out).	 Overall,	 the	
observations	taught	us	to	give-up	with	the	FIBID	process	as	a	possible	mounting	procedure,	
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« ... No te rindas que la vida es eso, 
continuar el viaje, 
perseguir tus sueños, 
destrabar el tiempo, 






















At	 the	 early	 beginning	 of	 the	 SPM	 developments,	 only	 the	 conductive	 STM	 mode	 existed	
[1Eaton2010].	 Then,	 the	 need	 of	 studying	 more	 kinds	 of	 samples	 has	 motivated	 the	
development	of	the	AFM	technique.	At	that	time,	AFM	was	mainly	used	for	topographic	studies.	
However,	thanks	to	the	rapid	technological	evolution,	more	than	20	SPM	modes	(most	of	them	
AFM-related)	are	now	currently	used[1Eaton2010],	 allowing	 to	 combine	both	 topographical	
images	and	spectroscopy	measurements	on	a	variety	of	samples	[1Eaton2010].	Consequently,	
probes	 with	 suitable	 geometrical	 characteristics	 and	 physical	 properties	 (i.e.	 electrical	
conductivity,	 magnetic	 or	 mechanical	 properties)	 are	 more	 and	 more	 required.	 In	 such	 a	
landscape,	multimode	probes	should	be	highly	preferred,	but	they	are	quite	seldom	on	market,	
and	dedicated	probes	are	more	frequent	by	far.	This	chapter	deals	with	testing	the	use	of	carbon	
cone-based	 probes	 for	 some	 of	 the	 possible	 modes,	 that	 we	 chose	 to	 classify	 in	 two	main	
categories:	

























techniques.	 The	 main	 objective	 is	 to	 obtain	 an	 accurate	 image	 of	 the	 topology	 (i.e.	 height	
mapping)	of	a	sample	surface	by	measuring	the	force	interactions	between	the	surface	of	the	
sample	 and	 the	 scanning	 probe.	Depending	 on	 the	 type	 of	 physical	 tip-sample	 interactions,	
topographic	modes	can	operate	in	two	main	ways:	static	or	dynamic	[1Eaton2010].	Under	the	
static	mode	(most	known	as	contact-mode),	the	probe	is	in	direct	contact	with	the	surface	as	















of	 the	 study.	 For	 instance,	 contact	mode	 is	 currently	used	 for	 adhesion	 and	 friction	 studies	
[2Zhang2018];	non-contact	mode	is	used	for	measuring	long	range	forces	such	as	electrostatic	
and	magnetic	ones	[2Zhang2018];	and	tapping	mode	is	used	for	obtaining	topography	images	
and	 carrying-out	mechanical	 studies	 [3Strus2005].	 Consequently,	 all	 the	AFM-topographical	






















mostly	 related	 to	 its	 sensitivity	 to	 the	 environment	 conditions	 that	 can	 disturb	 the	
measurement	(by	inducing,	e.g.,	parasitic	noise	and	vibrations)	and	a	slower	data	acquisition	
process	caused	by	its	feedback	system	cycle	as	shown	in	Fig.2a.	In	order	to	reduce	these	effects,	















In	 topographic-AFM,	 the	 quality	 of	 the	 imaging	 (i.e.	 the	most	 reliable	 representation	 of	 the	
sample	 characteristics)	 can	 be	 defined	 by	 its	 vertical	 and	 lateral	 resolution.	 The	 vertical	

























features.	 (c)	 Influence	 of	 the	 tip	 angle	 on	 the	 topographic	 images	 of	 high	 aspect	 surface	 features.	 From	
[4Palleau2011].		
	








artefacts	 [3Strus2005].	 For	 this	 reason,	 the	 tip	must	be	 characterized	 before	 imaging.	Aside	
from	 geometric	 aspects,	 other	 artefacts	 can	 occur,	 such	 as	 the	 so-called	 divot	 and	 ringing	
artefacts	 [3Strus2005].	 The	 divot	 artefact	 is	 found	 to	 be	 linked	 to	 high	 aspect	 ratio	 probes,	
















measured	 image	 in	 order	 to	 improve	 the	 digital	 resolution	 [4Palleau2011].	 Moreover,	
conducting	 experimental	 studies	 of	 the	 mechanical	 behavior	 of	 the	 probes	 seems	 to	 be	 a	
grueling	 job	[3Strus2005,	9Bernard2008,	10Buchoux2009].	Hence,	 few	works	addressing	this	
subject	are	reported	in	the	literature	and	most	of	them	correspond	to	theoretical	studies.	Some	
authors	 [11Larsen2002,	 12Guo2005]	 reported	 on	 wear	 resistance	 studies	 by	 making	 a	
qualitative	 comparison	 and	 correlations	 between	 the	 shape	 of	 the	 probes	 before	 and	 after	
topographic	tests	by	using	SEM	images.	On	the	other	hand,	when	concerning	the	tip	adhesion	
or	 elasticity	 forces,	which	 can	 be	 present	 at	 the	 tip-sample	 interaction,	 the	 combination	 of	
theoretical	 and	 experimental	 “force	 spectroscopy”	 analysis	 methods	 [8Strus2009,	


















that	 results	were	 not	 as	 accurate	 as	 expected	 (see	 sections	 4.2	 and	 4.3	 in	Chapter	 3).	 As	 a	
consequence,	the	capability	of	the	carbon	nanocone	probes	for	resolving	tiny	details	and	clearly	
separate	different	features	of	nanoscale	samples	was	tested	on	different	samples	for	which	the	








































Figure	5:	Comparison	of	AFM	tapping-mode	 images	(left)	of	 the	 same	gold	nanoparticles	(dispersed	on	a	 silicon	














provided	 by	 the	 nanocone	 probe	 (8.5	nm)	with	 respect	 to	 both	 the	 other	 tips	 (6.2	nm	 and	
5.0	nm,	 respectively,	 for	 the	 TESP-SS	 and	 the	 Otespa-R3	 silicon	 probes).	 Overall,	 the	
discrepancies	 in	 lateral	 resolution	 observed	 between	 the	 three	 probes	 logically	 follows	 the	
difference	in	the	values	of	the	resolution	limit	dres	as	calculated	according	to	equation	(1),	i.e.,	
2.8	nm,	 1.3-2	nm,	 and	 1.3-1.6	nm	 for	 the	 Otespa-R3,	 TESP-SS,	 and	 carbon	 cone	 probes,	
respectively	(taking	R	equal	to	the	radius	range	for	each,	i.e.,	10,	2-5,	and	2.3-3	nm,	respectively,	
as	 reported	 in	Chapter	3	 (Ch3-Table1	 and	Ch3-Fig.17)and	 taking	𝚫zrmin	 equal	 to	0.1	nm	as	

















atoms	 in	 the	 plane	 of	 the	 substrate	 (measured	 in	 the	 flat	 zone)	 and	 (ii)	 between	 two	
superimposed	graphene	layers	(measured	on	a	surface	step).		





Fig.6	 represents	 the	 topographic	 images	 (left)	 and	 height	 profiles	 (right)	 of	 a	 HOPG	
substrate	in	zones	including	both	flat	surface	areas	and	several	graphene	steps	(Figs.6a1	and	
6b1).	The	topographic	images	of	the	flat	zone	by	the	two	probes	present	different	steps	with	a	
similar	 amplitude.	 The	 distance	 between	 two	 superimposed	 graphene	 planes,	 i.e.,	 the	 step	
height,	 determined	 using	 the	 height	 profiles	 is	 evaluated	 at	 about	 0.30-0.35	nm	 for	 the	
nanocone	probe	and	~0.35	nm	for	the	TESP-SS	probe.	These	values	are	in	the	range	(with	a	5-
10%	accuracy)	of	the	theoretical	value	of	0.335	nm	as	the	intergraphene	distance	for	graphenic	








their	periodical	 feature,	 such	oscillations	 could	be	expected	 to	 relate	 to	 the	graphite	atomic	
lattice.	However,	considering	this	lattice	as	sketched	in	Fig.7,	none	of	both	values	are	close	to	
any	 of	 the	 lattice	 constants.	 Indeed,	 0.18	 nm	 makes	 a	 27%	 deviation	 with	 respect	 to	 the	
theoretical	 value	 of	 0.142	nm	 corresponding	 to	 the	 in-plane	 C-C	 bond.	 The	 closest	 lattice	
constant	 from	this	value	could	be	the	0.213	nm	distance	(corresponding	to	the	(10.0)	plane	





















graphene	 or	 turbostratic	 graphenic	 carbon)	 has	 a	 somewhat	 triangular	 appearance	 in	 AFM,	 as	 in	 the	 example	
provided	in	(b)	(from	https://parksystems.com/applications/materials/nano-materials/).	
	
Generally	 speaking,	 the	 poor	 quality	 of	 the	 images	 shown	 in	 Figs.6b	 and	 6d	 is	 not	 much	
surprising.	 Obtaining	 better	 images	of	 the	HOPG	 atomic	 lattice	would	 require	 to	operate	 in	
controlled	environment	(temperature,	hygrometry,	atmosphere).	
A	 SEM	 control	 of	 the	 aspect	 of	 the	 carbon	 probe	 after	 being	 used	 for	 imaging	 the	 Au	



























the	dust	particles	 lying	onto	the	surface,	which	appear	as	bright	spots	 in	both	 images.	More	
significant,	maybe,	 is	 the	 number	of	 dark	 spots	 on	 the	 images	which	 is	much	 higher	 in	 the	
carbon	 probe	 image	 (Fig.9b)	 than	 in	 the	 OTESPA	 image	 (Fig.9a).	 As	 the	 darkest	 color	
corresponds	to	the	lowest	z	value,	it	may	mean	that	the	carbon	probe	is	able	to	reveal	more	of	
the	bottom	of	the	deep	details	of	the	Si	surface,	relatively	speaking,	consistently	with	the	highest	







The	 results	 from	Section	 1.1	 demonstrate	 the	 ability	 of	 carbon	nanocone	 as	AFM	probe	 for	
topographic	imaging.	However,	further	evaluation	of	the	behavior	of	the	tip	along	the	scanning	





process	 with	 time	 is	 needed	 in	 order	 to	 assess	 the	 stability	 of	 the	 measurements	 and	 the	
durability	of	the	tip.	For	such	purpose,	a	wear	resistance	and	durability	were	developed	based	








substrate	 for	more	 than	 22	 hours	 (up	 to	 40	 hours)	without	 interruption.	 A	 total	 surface	 of	
1024	µm	was	scanned	with	a	2x2	µm²	wide	scan	size,	2	Hz,	256x256	pixels,	and	an	acquisition	
time	of	128	s	per	image.		



















roughness	 values	 (noted	𝑅𝑀𝑆9` 	 for	 the	 probe	 i)	 were	 calculated	 and	 plotted	 over	 time	 on	





























Figure	10:	Variation	 of	 the	RMS	 roughness	 as	measured	 by	 five	 different	 probes	 (GR05-C16-64,	GR07-C20-68,	














the	 roughness	 characteristics	 of	 the	 areas	 scanned	 by	 each	 probe.	 Hence,	 considering	 the	


























































to	 20.97nm	 and	 from	 13.91	 nm	 to	 12.74nm,	 for	 the	 Si-Otespa-3	 and	 Si-Otespa-4	 probes,	
respectively.	On	the	other	hand,	a	piezoelectric	cell	drift	is	not	observed	for	the	probe	GR-05-
C16-64,	and	occurred	in	a	very	limited	extent	for	the	two	other	probes.	By	looking	at	each	of	
the	 images	 that	have	generated	 the	 curves	 in	Fig.10,	 it	was	verified	 that	 the	drift	observed	
between	the	starting	and	the	ending	images	of	the	series	accounts	for	the	total	drift,	i.e.	drifting	









 Si-Otespa-3 Si-Otespa-4 GR05-C16-64 GR07-C20-68 ZeR09-C26-25 
Total shift (µm) 0.93 1.42 0 0.34 0.39 
Mean relative Rq (%) 24.6 13.2 2.4 1.5 6.1 






played	 a	 role	 through	 the	 hygrometry	 level	 for	 instance,	 as	 the	 experiments	 have	 been	
dispatched	from	November	2019	to	March	2020,	and	that	the	experiments	with	the	Si-Otespa-
4	 and	 the	ZeR09-C26-25	 were	 both	 carried-out	within	 a	week	 in	 February	 2020	 (see	 the	











Quantitatively	 measuring	 the	 nanoscale	 mechanical	 properties	 of	 a	 sample	 consists	 in	
accurately	 discriminating	 between	 different	 phases	 or	 phase	 orientations.	 As	 opposed	 to	
regular	AFM,	PFQNM	AFM	studies	the	mechanical	response	of	the	sample	subsurface,	hence	no	
longer	 looks	 at	 the	 specimen	 surface	 only	 but	 characterizes	 the	 specimen	 volume	 in	 some	
extent.	For	mechanical	characterizations	across	topographic	imaging,	the	volume	of	the	sample	
being	 measured	 depends	 on	 the	 tip	 geometry	 and	 spring	 constant	 of	 the	 cantilevers	
[16Belec2016].	A	smaller	tip-curvature	radius	allows	a	smaller	sample	volume	to	be	studied	and	
a	better	identification	of	the	different	phases	present	on	a	given	sample	by	discriminating	them	
better,	 whereas	 the	 spring	 constant	 determines	 the	 range	 of	 cantilever	 deflections	 and	
therefore	the	range	of	sample	deformation	[16Belec2016].	Various	SPM	modes	operated	either	
in	contact	mode	(e.g.,	dealing	with	the	so-called	volume	force)	or	in	tapping	mode	(e.g.,	tapping	
phase	 imaging)	 can	 be	 considered	 for	 assessing	 mechanical	 properties	 [17Pittenger2012].	
However,	 most	 of	 the	 tapping-mode-related	 techniques	 have	 limitations	 regarding	
quantitatively	 measuring	 multiple	 properties	 independently	 as,	 in	 such	 a	 mode,	 the	 phase	
contrast	can	also	depend	on	height	differences	and	the	acquisition	parameters	(i.e.	amplitude	
set	point,	etc.),	not	on	the	material	property	only.	On	the	other	hand,	the	contact	mode	can	be	
time-consuming	 since	 it	 requires	 collecting	 thousands	 of	measured	 points	 for	mapping	 the	
properties	of	a	sample	[17Pittenger2012].	However,	PFQNM	can	combine	mapping	of	multiple	
quantitative	 mechanical	 properties	 from	 real-time	 data-measurements	 with	 a	 resolution	
similar	of	a	regular	height	tapping	image	[17Pittenger2012].	






Peak	 force	 tapping	 (PFT)	 is	 a	 recently	 developed	 non-resonant	 intermittent	 contact	 mode	
[2Zhang	2018].	This	technique	does	not	depend	on	the	cantilever	mechanical	oscillations	like	
some	traditional	intermittent-tapping	modes	presented	in	Section	2.2.1,	but	on	the	target	force	
(peak	 force)	applied	by	 the	probe	 to	 the	sample.	The	working	principle	of	 this	 technique	 is	
depicted	 in	Fig.14,	which	 consists	 in	measuring	 the	 interaction	 between	 a	 sample	 and	 the	
scanning	probe.	This	probe	is	put	in	contact	to	the	surface	while	increasing	continuously	the	
force	applied	(i.e.	by	decreasing	the	distance	between	the	cantilever	and	the	sample)	up	to	a	
maximum	 value	 (peak	 force).	 When	 this	 value	 is	 reached,	 the	 probe	 is	 removed	 from	 the	
surface.	During	this	process,	the	detection	in	real-time	of	the	cantilever	deflection	allows	the	
measurement	 of	 the	 interaction	 between	 the	 probe	 and	 the	 sample.	 PFT	 works	 at	 low	
frequencies	from	100Hz	to	a	few	kHz	[2Zhang	2018],	and	allows	the	real-time	measurement	of	
the	forces	of	the	tip	at	each	tap.	Thus,	the	PFQNM	mode	combines	topography	and	force	curve	





mapping	 measurements	 of	 a	 wide	 range	 of	 samples	 (i.e.	 hydrogels,	 polymers,	 metals,	
semiconductors,	 etc.)	 with	 a	 lateral	 resolution	 below	 5	nm	 comparable	 to	 regular	 tapping	



































attractive	 forces	 pull	 the	 probe	 to	 the	 sample	 (jump	 to	 contact)	 while	 approaching	 the	
cantilever	to	the	sample.	This	induces	a	sudden	increase	of	the	cantilever	deflection	followed	
by	the	tip-sample	contact.	While	the	cantilever	keeps	going	down,	the	deflection	decreases	until	
it	 increases	again	 in	 the	opposite	direction	until	 reaching	point	C	which	 corresponds	 to	 the	





with	 the	 surface	 and	 no	 deflection	 variation	 is	measured.	 The	 latter	 can	 be	 schematized	 as	






measurement	 is	mostly	 driven	 by	 the	 characteristics	 of	 the	 probes	 (spring	 constant	 of	 the	
cantilever	and	apex	radius	of	the	tip).	The	tip-sample	adhesion	force	is	directly	proportional	to	
the	 tip	 apex	 radius.	 Different	 models	 are	 available	 for	 extracting	 the	 Young	 modulus	
[19Roa2011].	The	main	one	is	the	Derjaguin-Muller-Toporov's	(DMT)	model,	which	focuses	on	
apex-surface	 interaction.	 In	 our	 study,	 the	 Young	modulus	 is	 calculated	 following	 the	 DMT	
model	as	indicated	in	the	equation:	






E*	 corresponds	 to	 the	 reduced	 Young	modulus	 as	 defined	 below	 depending	 on	 the	 Young	
modulus	and	Poisson	coefficient	of	the	sample	(Es	and	νs)	and	tip	(Etip	and	νtip).	In	the	case	of	a	













for	 determining	 the	 main	 mechanical	 parameters	 of	 the	 probes	 (i.e.	 deflection	 sensitivity,	

































and	 to	 find	 the	 cantilever	 break	 point.	 The	 superposition	 of	 the	 different	 FDCs	 shows	 the	






















B	 in	 Fig.15b	 for	 instance.	 The	 lack	 of	 a	 clear	 contact	 jump	 point	 could	 result	 from	 a	







angle	made	 by	 the	 cone	 axis	with	 respect	 to	 the	 ideal,	 vertical	 orientation	 (see	Fig.16)	 as	
discussed	later	on,	or,	alternatively,	by	some	viscoelastic	deformation	of	the	substrate	and/or	
the	 probe.	 However,	 no	 hysteresis	 phenomenon	 is	 evidenced	 in	 zone	 2,	 indicating	 that	 no	
remaining	 deformation	 was	 present	 after	 every	 full	 approaching	 (trace)	 and	 retracting	
(retrace)	cycle	of	the	probe,	hence	a	visco-elastic	behaviour	is	unlikely.	Other	tests	are	required	






The	 spring	 constant	 of	 the	 cantilevers	 can	 be	 estimated	 by	 the	 AFM-thermal	 tune	
[20Hutter1993],	however	this	method	is	not	suitable	for	measuring	spring	constant	higher	than	
40	N/m.	It	directly	relates	to	the	stiffness	of	the	beam.	This	method	does	not	require	any	contact	
with	 a	 sample	 and	 consists	 in	 evaluating	 the	 spring	 constant	 of	 the	 probe	 by	 putting	 the	
cantilever	 into	 oscillation	 at	 its	 resonance	 frequency.	 Such	 oscillations	 are	 driven	 by	 the	
























material	 properties	 (i.e.	 stiffness)	 of	 the	 tip	 on	 the	 interaction	 with	 the	 substrate	 can	 be	
estimated.	 Such	 an	 estimation	 is	 made	 possible	 by	 the	 comparison	 of	 the	 different	 FDCs	
obtained	from	carbon	nanocone	and	silicon	probes	approaching	and	then	withdrawing	from	
the	surface	of	a	TiO2	layer	with	a	scan	speed	of	2	Hz.	As	shown	in	Fig.18,	the	different	probes	














	 The	 behavior	 of	 the	 three	 carbon	 probes	 is	 different.	 They	 interact	with	 the	 surface	 at	
different	Z	distances,	which	may	be	explained	by	the	different	overall	 lengths	of	 the	probes.	
Indeed,	the	longer	this	length	is,	the	smaller	should	be	Z.	[7Strus2009].	This	is	consistent	with	




protruding	 from	 the	 cantilever	 groove	 is	 shorter	 for	 probe	 GR12-C12-57	 than	 for	 probe	






conical	morphology	 is	 likely	 to	make	 the	 structure	 stiffer	 than	 a	 CNT	 that	would	 exhibit	 a	
diameter	in	the	range	of	the	cone	apex,	but	this	stiffness	improvement	may	be	somehow	killed	
in	case	the	cone	is	not	perpendicular	to	the	surface	when	the	force	is	applied,	hence	promoting	




	 The	 linear	 behavior	 observed	 for	 the	 GR12-C12-57	 from	 650-700	 nm	 goes	 up	 to	 a	
cantilever	 deflection	 of	 155	nm	 for	 an	 applied	 force	 of	 3.	 2	µN	 (see	Table2).	No	 hysteresis	
phenomenon	was	observed	 this	 time	contrary	 to	what	was	 reported	 for	 the	 same	probe	on	
Fig.17c.	Maybe	this	could	be	related	to	the	difference	in	the	tip-surface	interaction	due	to	the	














	 Then,	 for	both	the	probes	GR10-C08-65	and	ZeR09-C11-32,	 the	plateau	 is	 followed	by	




















Table2	 indicates	 that	 the	 glued	 nanocone	 probes	 own	 the	 largest	working	 range	with	 the	
possibility	to	use	forces	up	to	1.4	and	3.	2	µN	for	deflections	up	to	40	and	155	nm	for	GR10-
C08-65	 and	GR12-C12-57,	 respectively	 (considering	 only	 the	 FDCs	 in	 Fig.18	 and	 not	 the	
deflection	at	the	cantilever	breaking).		
	
Probe name GR12-C12-57 GR10-C08-65 ZeR09-C11-32 TESPA-V2 
Cantilever deflection Wmin 0 0 5 nm 0 
Cantilever deflection Wmax 155 nm 40 nm 25 nm 31 nm 
ΔW 155 nm 40 nm 20 nm 31 nm 
Force Fmin 0 0 30 nN  0 
Force Fmax 3.2 µN 1.4 µN  154.3 nN  0.7 µN 











After	 the	 calibration,	 the	 capability	 of	 each	 nanocone	 probe	 for	 PFQNM	 AFM	 imaging	was	
evaluated	by	the	measurement	of	the	Young	modulus	of	different	homogeneous	(polystyrene	
(PS),	polyethylene	(PE),	phenyl-C61-butyric	acid	methyl	ester	(PCBM),	and	polyimide	(PI))	and	
heterogenous	 (PS/PE)	 polymer	 films.	 Such	 a	 technique	 allows	 the	 mapping	 of	 both	 the	
















(120	nN),	which	 is	 consistent	with	 the	 lowest	spring	 constant	previously	measured	 for	 this	
probe.	A	similar	apparent	tip	radius	of	25	nm	was	determined	for	each	probe	except	for	the	
GR10-C08-65	for	which	the	apparent	radius	was	about	5	nm	(see	Tables	in	Fig.16).	This	radius	


































provide	thanks	to	 the	two	different	elastic	moduli	present,	 typically	3-4	GPa	 for	PS	and	0.2-




Figure	21:	(a)	Topography	and	(b)	Young	modulus	mappings	of	 the	PS-PE	composite	 sample	obtained	 from	the	
different	probes.	








contrast	 in	 the	Young	modulus	mapping	 images	 is	provided	by	the	TESPA-V2.	The	different	
Young	moduli	determined	from	these	mappings	are	reported	in	Table3	below	along	with	the	
contact	 force	 used	 and	 the	 resulting	 average	 deformation	 of	 the	 PE	 and	 PS	materials.	 The	
uncertainties	are	related	to	the	dispersion	of	the	Young	modulus	values	in	the	histograms.	The	
modulus	 values	 obtained	 are	 quasi	 systematically	 underestimated	 whatever	 the	 probe,	




Probe name GR12-C12-57 GR10-C08-65 ZeR09-C11-32 TESPA-V2 
Contact force 25 nN 50 nN 120 nN 30 nN 
Average deformation of PS  1 nm 1.5 nm 2 nm 1.5 nm 







Average deformation of PE  25 nm 14 nm 2 nm 25 nm 














the	 homogeneous	 (PS,	 PE)	 and	 heterogeneous	 (PS/PE)	 substrates	 are	 also	 evaluated	 as	 a	
function	of	 the	applied	 force	or	sample	deformation.	Figs.22a-c	present	 the	Young	modulus	
and	deformation	variation	of	PS	and	PE	materials	with	respect	to	the	contact	force	of	the	carbon	





the	 non-linearity	 relates	 to	 the	 prevalence	 of	 the	 plateau	 and	 the	 short	 zone	 1	 in	 its	 FDC	
(Fig.18c).	Furthermore,	these	graphs	show	the	benefit	of	working	at	small	sample	deformation	
(hence	at	small	contact	force)	since	the	Young	modulus	uncertainties	tends	to	increase	with	the	

















The	 non-consistent	 results	obtained	 for	 the	 probe	ZeR09-C11-32	may	 be	 explained	 by	 the	
impact	of	the	plateau	of	the	FDC	curve	instead	of	working	in	the	linear	behavior	zone	(Fig.18c).	
	
Probe name	 EPS-min	 EPS-max	 Fc-min	 Fc-max	 EPE-min	 EPE-max	 Fc-min	 Fc-max	
GR12-C12-57	
3 GPa	 4 GPa	
50 nN	 (60 nN) 
0.2 GPa	 0.7 GPa	
33 nN	 (50 nN) 
GR10-C08-65	 56 nN	 94 nN	 28 nN	 43 nN	




































as	 Kelvin	 Force	 Microscopy	 (KFM),	 Scanning	 Impedance	 Microscopy	 (SIM),	 Scanning	
Capacitance	Microscopy	(SCM),	Piezoresponse	Force	(electrical)	Microscopy,	Conductive	AFM	







or	 electronic	 properties	 (i.e.,	 capacitance,	 conductivity,	 surface	 potential,	 etc.)	 across	






(with,	 e.g.,	 Pt,	 Au,	 or	 Ti)	 or	 doped-diamond-coated	 silicon,	 or	 solid	 metal,	 or	 solid	 doped-
diamond	probes	 [25Hui2017].	 However,	 they	 all	 have	 limitations	 regarding	mechanical	 and	
electrical	stability	[26Jiang2019].	Metal-coated	tips,	for	instance,	are	fabricated	by	sputtering	









































Aside	 from	mapping	 the	 surface	 current,	 it	 is	 also	 possible	 to	 record	 current-voltage	 (I-V)	
curves	 of	 a	 specific	 locus	 on	 the	 surface	 [23Benstetter2017].	 In	 C-AFM,	 the	 topographic	






















the	 initial	 tip-radius	 of	 the	 probes	 as	 depicted	 in	 Fig.25	 [23Benstetter2017].	 Therefore,	




















prepared	 as	 described	 in	 section	 2.1.4.a,	 consisting	 in	 gold	 nanoparticles	 deposited	 from	 a	
droplet	of	 a	 suspension	 in	deionized	water	on	a	Highly	Oriented	Pyrolytic	Graphite	 (HOPG)	
substrate27	from	Bruker	company.	The	sample	was	cleaned	using	a	Gatan	Solaris	950	plasma	














microscope	AIST-NT,	 SPM	1000	model	 as	 depicted	 in	Fig.24.	 In	 this	mode,	 local	 current	 is	
measured	in	contact	mode;	but	the	displacement	from	each	scanning	point	to	another	is	made	
in	semi-contact	or	 tapping	mode28.	For	 I/V	measurements,	each	curve	was	generated	by	the	


















at	up	 to	6	different	 locations	within	a	 topographic	 image	of	5X5µm2	wide,	whereas	 current	
mapping	of	2x2µm2	wide	scan	were	also	conducted.	Current	mappings33	were	performed	in	













ZeR06-C11-14.	 In	 addition,	 another	 reference	 tip	was	 also	 tested	 (the	 Pt-coated	HQNSC15	


























to	 reach	 a	 current	 of	 ~23	 nA	 on	 the	 Au	 nanoparticle	 tested	 (Fig.31b),	 whereas	 1.7	 V	was	
necessary	for	reaching	the	same	current	with	the	carbon	probe	(Fig.30b).	
Figure30:	 I-V	 curves	 measured	 with	 the	 nanocone	
probe	 noted	 ZeR06-C11-14	 performed	 on	 (a)	 the	
HOPG	substrate,	and	(b)	one	Au	nanoparticle.	Insets	in	
(a)	 and	 (b)	 correspond	 to	 zooms	 on	 the	 I-V	 curves	
where	the	current	dispersions	ΔI1	and	ΔI2	are	extracted	
for	different	applied	voltages.	(c)	Topographic	image;	
the	 red	 and	 blue	 circles	 are	 the	 areas	 where	 the	




















the	 conductance	 of	 the	 probes	 given	 by	 the	 slope	 coefficient	 of	 the	 I-V	 curves	 on	 HOPG,	 it	
appears	that	the	nanocone	probe	has	a	slightly	higher	conductance	of	around	70.9	nS	than	the	
Figure	 31:	 I-V	 curves	measured	with	 a	 Pt-coated	 Si	
HQNSC15	probe	performed	on	(a)	the	HOPG	substrate	
and	 (b)	 Au	 nanoparticle.	 Insets	 in	 (a)	 and	 (b)	
correspond	 to	 zooms	 on	 the	 I-V	 curves	 where	 the	
current	 dispersions	 ΔI1	 and	 ΔI2	 are	 extracted	 for	
different	applied	voltages.	The	pseudo	linear	behaviour	
in	(b)	could	reveal	that	the	probe	was	in	contact	with	
both	 the	 HOPG	 and	 the	 Au	 nanoparticle.	 (c)	
Topographic	 image;	the	blue	and	red	crosses	are	the	










































































soon	as	 the	electron	orbitals	of	 the	atoms	 from	 the	probe	and	 from	 the	 substrate	are	 close	
enough	 to	 overlap,	 corresponding	 to	 a	 narrow	 gap	 of	 0.3-1	nm,	 a	 tunnel	 current	may	 flow	
thanks	to	a	bias	voltage	applied	between	the	probe	tip	and	the	substrate	[5Hafner2010].	This	
tunnel	current	corresponds	to	the	electronic	density	of	states	present	on	the	surface,	and	 it	
varies	 exponentially	 with	 the	 separation	 distance	 between	 the	 sample	 and	 the	 probe	
[29Hansma1998].	Thus,	surface	structure	information	can	be	extracted	from	the	tunnel	current	
variation	as	a	function	of	the	tip	position.	
As	depicted	 in	Fig.35,	 the	position	 in	 (X,	Y,	Z)	of	 the	probe	 is	 traced	by	a	piezo-electric	
system.	 The	 tip	 sample	 distance	 is	 controlled,	 at	 constant	 current,	 by	 a	 bias	 voltage	 from	
typically	few	mV	to	2	V,	applied	to	the	tip.	The	lower	the	voltage,	the	closer	to	the	surface	and	







constant	 current	 mode,	 at	 room	 conditions	 (in	 air)	 or	 under	 vacuum	 environment.	 When	
working	at	constant	height,	the	current	is	monitored	by	a	specific	height	point,	whereas	in	the	






loop	 system.	 However,	 constant	 current	 mode	 and	 vacuum	 environment	 are	 the	 most	
recommended	conditions	for	achieving	atomic	resolution	images	[5Hafner2010].	Whatever	the	
























wires	 electrochemically	 tapered	 where	 then	 preferred	 (see	 an	 example	 in	 Fig.36).	 First	
attempts	did	not	succeed	in	acquiring	any	image	of	the	sample	either	when	the	same	standard	
conditions	(250	mV,	5	nA)	as	those	routinely	used	for	Pt-Ir	probes	were	used.	Thanks	to	the	
SEM	 characterization	 of	 the	 carbon	 probe	 Au-e-002	 used	 for	 these	 tests,	 an	 unwrapping	
phenomenon	of	the	nanocone	was	observed,	as	already	shown	in	Chapter	2	(Ch2-Fig.21).	This	
suggested	 that,	 assuming	 a	 helical	 wrapping	 of	 the	 constituting	 graphenes	 as	 discussed	 in	
Chapter2	Section	2.4.2,	the	current	the	nanocone	was	subjected	to	was	too	high,	that	is	to	say	
high	enough	for	inducing	the	graphenes	to	unwrap,	as	previously	observed	in	the	literature	for	
















Imaging	with	scan	size	 from	250	to	400	nm	was	conducted	 for	 testing	nanocone	probes	 for	




obtained	 on	 the	 same	microscope	 with	 an	Au	 probe	 is	 shown	 in	 Fig.37b	 for	 comparison,	
although	conditions	were	not	optimized,	inducing	the	Au	grains	to	somewhat	look	like	lamellae.	









Au-e-005.	 (b)	 ~500	nm	 wide	 STM	 image	 (non-optimized)	 obtained	 with	 the	 same	 microscope	 with	 a	
electrochemically	tapered	Au	wire	probe	(i.e.,	similar	to	that	shown	in	Figs.36a-b	without	the	SSF	morphology.	(c)	














Figure	38:	 250	 nm	wide	 STM	 images	 of	 the	 ITO	 surface	 obtained	 by	 (a)	 the	 carbon	nanocone	 probe	Au-e-005	
(500	mV,	1.8	nA,	0.5	Hz	scan	rate)	and	(b)	the	reference	PtIr	probe	(500	mV,	3	nA,	2	Hz	scan	rate).		
	
The	 left	part	of	 the	 image	 in	Fig.38a	 shows	the	grains	 looking	 like	 lamellae,	which	they	are	
actually	not,	considering	Fig.38b.	However,	the	comparison	with	the	image	obtained	on	an	Au	
substrate	with	the	reference	probes	in	Figs.37b-c	gives	hope	that	this	artifact	could	be	fixed	by	
optimizing	 the	 imaging	 conditions.	On	 the	 other	 hand,	 the	 right	 part	 of	 the	 image	 is	 highly	
disturbed,	making	that	the	ITO	grains	are	not	seen.	In	this	image,	only	the	right-to-left	pathways	











the	 range	 80-100	mV.	 STM	 images	 of	medium-range	magnification	were	 taken	 for	 showing	
graphene	 steps,	 and	 then,	 further	 high	 magnification	 was	 used	 to	 attempt	 revealing	 the	








































that	we	 can	 slightly	 estimate	 (with	 around	6%	uncertainty)	 to	 be	 the	 atomic	 periodicity	 at	
0,213	nm	 corresponding	 to	 the	 (10.0)	 family	 plane	 in	 graphite.	 On	 the	 other	 hand,	 the	PtIr	


















This	 said,	 considering	 previous	 reports	 on	 carbon-nanotube-based	 probes	 being	 able	 to	
accomplish	 STM	 measurements	 [33Dai1996,	 34Pasquini2005,	 35Sripirom2011],	 the	 factors	
limiting	our	 carbon	nanocones	 for	STM	atomic	 resolutions	 tests	are	not	 clearly	understood.	
Carbon	nanocones	exhibit	very	small	apices	in	the	range	of	CNT	diameters	or	even	lower,	and	
their	electrical	conductivity	was	ascertained	to	be	sufficient,	 for	 the	 least,	 for	being	suitable	
probes	 in	 C-AFM	 tests.	However,	 considering	 the	work	 from	 [35Sripirom2011,	 36Yoshimoto	
2007]	whose	carbon	cones	and	CNTs	of	25	and	20	nm	diameters	were	respectively	used	in	STM,	
it	seems	that,	surprisingly,	the	apex	size	is	not	a	crucial	point	to	consider.	Consequently,	we	can	















environment	 conditions.	 Most	 of	 the	 STM	 imaging	 using	 carbon	 probes	 reported	 in	 the	
literature	take	place	in	vacuum,	after	following	a	degassing	process	at	high	temperature	(600-
800°C)	and	subsequently	annealing	of	up	1200°C	for	avoiding	any	type	of	contaminants	of	the	























As	 shown	 in	Fig.42.,	 the	 double	 pass	 (lift)	method	 consists	 of	 two	 steps.	 In	 the	 first	 step	 a	









KFM	 image	 is	 actually	 a	 mapping	 of	 Vdc.	 This	 is	 the	 way	 surface	 potential	 differences	 and	
materials	work-functions	can	be	discriminated.	
The	tip-sample	voltage	can	be	simply	expressed	as	follows	[39Girard2002]:	
𝑉 = 𝑉6 + 𝑉>6 sin(𝜔𝑡)		 	 	 	 (8)	
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This	electrostatic	 force	will	 induce	 the	deflection	of	 the	 cantilever:	 the	 first	 component	will	
create	a	 constant	bending	of	 the	 cantilever	overtime,	 the	 second	and	 third	a	deflection	at	 a	
frequency	ω	and	2ω,	respectively.	These	different	deflections	will	generate	an	electrical	output	
signal.	The	use	of	a	lock-in	amplifier	connected	to	the	output	of	the	cantilever	allows	to	selecting	
and	 investigating	 the	 signal	 amplitude	 of	 one	 of	 these	 components	 during	 the	 KFM	
measurement.	 By	 studying	 the	 second	 component	 dependent	 of	 the	 frequency	 ω,	 the	
















a	 clear	discrimination	between	both	 topography	and	electrostatic	 contributions	 is	 required.	








other	 hand,	 a	 lower	 lift	 could	 also	 induce	 a	 mixture	 of	 topographic	 and	 electrostatics	
contributions	to	the	KFM	measurement,	whereas	a	higher	lift	can	affect	the	sensitivity	of	the	
measurements.	According	to	[4Palleau2011],	 a	 lift	between	10-50	nm	is	a	good	trade-off	 for	
adequate	working	 conditions.	 Beyond	 these	 parameters,	 the	 choice	 of	 the	 probe,	 cantilever	
surface	and	tip	geometry	appear	to	be	crucial	factors	for	improving	the	contrast	and	resolution	











of	 the	 feedback	of	 the	 lock-in	amplifier	must	be	done	 [27Jacob1998].	This	adjustment	must	






Figure	 43:	 Possible	 capacitance	 side	
effects	induced	by	the	cantilever	and	the	tip	


















and	 then	 the	 performance	 of	 the	 nanocones	 for	 KFM	 surface	 potential	 measurement	 was	
investigated	on	different	substrates	such	as	charged	latex	nanoparticles	and	Aluminum	A2024	
alloy.		
The	 tests	 were	 conducted	 in	 air	 using	 two	 different	 AFM	 microscopes	 from	 Bruker	
company	(i)	a	Multimode	8,	(ii)	an	 ICON.	The	comparisons	were	systematically	made	with	a	
reference	probe	(Arrow	NCR).	This	is	a	commercial	silicon	N	10-19	cm-3	doped	probe,	with	a	
cantilever	 coated	 with	 30	 nm	 of	 Al	 on	 its	 upper	 face	 able	 to	 enhance	 2.5	 times	 the	 laser	
reflection	signal.	This	probe	has	a	resonance	frequency	in	the	range	of	280-330	kHz	and	spring	
constant	 of	 42	 N/m.	 All	 the	 KFM	 tests	 were	 performed	 using	 the	 conditions	 presented	 in	
Table7.	The	features	of	the	different	tested	probes	are	described	in	Fig.44.	
	
Target amplitude 500 mV 
Amplitude setpoint 355 mV 
Drive amplitude (Vac) 305 mV 
Drive amplitude 2 500 mV 
Phase lock-in amplifier -101° 
Scan speed 0.2 Hz 
Points per line 256x256 




The	 nanocone	 probe	 noted	HiR03-C14-6	 was	 used	 as	 a	 conductive	 tip	 for	 charge	 writing	
with	two	different	polarization	voltages	(+	and	-50	V)	applied	to	the	tip	to	generate	4	charged	




































































hence	mounted	by	FEBID	as	well).	The	 results	 are	quite	 similar	 to	 that	of	 the	other	 carbon	
nanoprobe	 shown	 in	Fig.47a,	 and	even	 slightly	better	 regarding	 the	spatial	resolution,	now	

























Fig.49	shows	 15	 µm	wide	 topology	 (AFM)	 and	KFM	 images	 of	 intermetallic	 particles	 in	 an	
aluminum	alloy	(A2024)	surface	obtained	by	the	nanocone	probe	HiR03-C14-6	and	the	silicon	







topographic	 and	KFM	 signals	 from	 the	 nanocone	 probe	 and	 the	Arrow-NCR	probe	 are	 also	
observed,	even	with	a	slightly	more	intense	signal	for	the	carbon	probe.	
	 	


















































silicon	 probes,	 whatever	 the	 Si-probe	 type	 tested	 (OTESPA-R3/OTESPA,	 and	 TESP-SS).	
However,	 carbon	 nanocone	 probes	 have	 shown	 a	 poor	 ability	 in	 ultimate	 magnification	
imaging,	in	the	range	of	atomic	resolution.	On	the	other	hand,	long	scanning	time	tests	have	
demonstrated	the	robust	character	of	 the	nanocone	probes	with	respect	 to	 the	silicon	ones,	
thereby	showing	a	higher	wear	resistance.	This	is	consistent	with	both	the	higher	strength	of	
the	 sp2	 C-C	 bond	 (598	 kJ/mole)	 over	 the	 Si-Si	 bond	 (330	 kJ/mole),	 and	 the	 well-known	
flexibility	of	the	2D	graphenic	structure	over	the	3D	tetrahedral	silicon	structure.	










The	 longer	the	 length	and	the	 larger	the	angle	misalignment,	and	the	more	the	carbon	cone	
would	 behave	 like	 a	 CNT,	 for	which	 the	 excessive	 flexibility	 is	 a	 drawback	 that	 the	 conical	
geometry	is	usually	able	to	prevent	in	some	extent.		
Conductive	AFM	(C-AFM):	Carbon	nanocone	probes	 can	be	used	 for	C-AFM	measurements	
without	 requiring	 any	 coating	 of	 the	 cantilever	 or	 the	 tip.	 Both	 I/V	 and	 mapping	 current	
measurements	are	possible	providing	the	applied	voltage	does	not	overpass	2	V.	For	a	voltage	
range	of	0.5-2	V	and	a	 force	between	100-150	a.u	(arbitrary	unit	of	 the	AIST-NT,	SPM	1000	
microscope),	 current	 values	 up	 35	 nA	 can	 be	 reached	 in	 many	 different	 points.	 Mapping	
measurements	 and	 topographic	 images	 are	 consistent	 with	 sample	 characteristics.	 Carbon	















amorphization,	which	 adds	 a	 barrier	 to	 the	 electron	 flow	 in	 the	 tunneling	 process,	 and	 the	






and	 in	some	cases	better	resolved	and	more	 intense	signal.	However,	slightly	poorer	 lateral	
resolution	 and	 noisier	 images	 were	 observed	 sometimes.	 The	 lateral	 resolution	 could	 be	
improved	by	using	Al-coated	cantilevers	so	that	to	enhance	the	upper	face	reflectivity,	as	it	is	
commonly	 made	 with	 doped	 Si	 probes.	 Concerning	 the	 variability	 in	 the	 signal-noise	
performances,	they	seem	to	affect	the	FIBID-prepared	probes	preferably	to	the	FEBID-prepared	
ones.	Hence,	it	might	relate	to	the	presence	of	the	amorphous	carbon	at	the	cone	surface	which	
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 « If you knew how much work went into it, 



















based	 SPM	 probes	 for	 insuring	 the	 geometric,	 mechanical	 and	 electrical	 characteristics	
required	for	their	use	for	different	SPM	modes,	as	well	as	conducting	the	related	application	
tests,	constituted	the	main	points	investigated.		
In	Chapter	 1,	 an	 original	 and	 extended	 bibliography	 study	 concerning	 the	 different	ways	of	










relate	 them	 to	 their	growth	mechanisms	and	properties.	Therefore,	 a	 classification	of	 three	
different	 categories	 based	 on	 the	 main	 causes	 driving	 the	 conical	 shape	 is	 proposed:	 (i)	
structural,	(ii)	textural	and	(iii)	process-related.	The	first	type	involves	the	generation	of	conical	
forms	by	the	existence	of	disclination	or	dislocations	in	the	graphene	lattice;	the	second	type	
corresponds	 to	 those	 generated	 according	 to	 the	 way	 graphene	 layers	 are	 arranged	 with	
respect	to	the	growth	axis	although	not	in	relation	with	a	structural	defect;	and	the	latter	type	
is	mainly	generated	during	or	after	a	particular	growth	process	or	 conditions	whatever	 the	
structure	 and	 texture.	 This	 classification	 can	 be	 used	 as	 reference	 to	 better	 describe	 and	
understand	the	intrinsic	properties	and	characteristics	exhibited	by	each	carbon	conical	type,	

















phase	 composition	 and	 concentration	 of	 species	 and	 subsequently	 the	 morphology	 type.	
Although	we	deliberately	limited	the	number	of	parameters	to	the	set-up	temperature	and	to	
those	 related	 to	 the	 gaseous	 feedstock	 (CH4	 and	 H2	 concentrations,	 and	 total	 gas	 flow),	
determining	the	actual	role	of	each	of	the	parameters	was	a	quite	difficult	task	as	the	specific	
furnace	 geometry	 induces	 an	 additional	 parameter,	 the	 time-of-flight	 of	 species,	 which	
generates	 complex	 and	 dynamic	 events,	 typically	 multiple	 cracking	 and	 recombination	
reactions	 whose	 results	 are	 barely	 predictable	 since	 corresponding	 to	 non-equilibrium	
conditions.	Temperature	and	time-of-flight	both	influence	the	modification	of	the	gas	phase	and	
the	 type	of	 contained	carbon	species,	 yet	differently	 (the	 former	 tends	 to	promote	 cracking	





formerly	 proposed	 in	 Allouche's	 work,	 the	 maturation	 process	 should	 result	 in	 the	 joint	
formation	of	radicals	and	polyaromatic	hydrocarbons	(PAHs)	which	both	deposit	subsequently	
onto	 the	 CNTs	 (the	 former	 chemisorb	 onto	 active	 sites	 such	 as	 graphene	 edges,	 the	 latter	
physisorb	 onto	 any	 surface).	 It	 is	 actually	 believed	 that	 this	 is	 the	 only	way	 to	 explain	 the	
concomitant	formation	of	sub-morphologies	as	different	as	smooth-surface	cone	with	perfectly	




produced.	 From	 experimental	 observations,	 it	 was	 also	 established	 that,	 when	 a	 high	
maturation	state	is	reached,	the	variation	of	the	gas	concentration	seems	to	affect	the	thickness	
(or	volume)	of	the	synthesized	morphologies	but	not	the	morphology	type.	On	the	other	hand,	







along	 with	 an	 optimal	 CH4	 and	 H2	 concentration	 range	 presumably	 suitable	 for	 the	 SSF	
synthesis	have	been	identified.	
















Concerning	 the	 inner	 texture	 of	 the	 cones,	 which	 somehow	 relates	 to	 their	 growth	





consistent	with	 the	 literature	which	 shows	 this	 graphene	 display	 to	 be	 a	 frequent	 one	 for	
carbon	cones	prepared	in	related	conditions;	on	the	other	hand,	it	is	also	consistent	with	the	
previous	 findings	 by	Allouche,	who	 observed	 that	 the	 concentric	 graphenes	 exhibit	 a	 same	
helicity	 and	 are	 also	 able	 to	 locally	 exhibit	 the	 graphitic	 structure	 for	 long	 curvature	 radii.	
Meanwhile,	 the	 TEM	 characterization	 allowed	 the	 apex	 diameter	 of	 the	 cone	 tips	 to	 be	








described	 in	Chapter	 3.	However,	 this	 come	with	 its	 own	 challenges.	 First,	 three	mounting	
processes	have	been	used	(focus	ion	(FIBID)	or	electron	(FEBID)	welding,	and	gluing).	Both	the	
Pt	 or	 W	 welding	 processes	 have	 to	 be	 used	 for	 preparing	 electrically	 conductive	 probes,	
whereas	the	gluing	method	could	only	be	used	for	non-conductive	ones,	due	to	the	insulating	
nature	of	the	gluing,	UV-curable	polymer.	Although,	as	expected,	SSF	revealed	to	be	useful	for	
being	 easy	 to	 handle	with	 the	micromanipulator	 during	 FIBID/FEBID	 and	 for	 being	 visible	
under	an	optical	microscope	during	gluing,	both	processes	cannot	be	considered	as	optimized	
ones	as	they	do	not	allow	the	cone	to	be	aligned	with	respect	to	the	cantilever	geometry	with	
high	 accuracy.	 The	 welding	 process	 came	 with	 several	 issues,	 more	 particularly	 on	 (i)	 the	
quality	of	the	fixation	between	the	cone	and	the	cantilever	by	the	welding	material,	which	does	
not	always	show	a	good	adhesion	(see	the	figure	below),	and	(ii)	the	more	or	less	severe	surface	
amorphization	of	 the	carbon	material	caused	by	either	the	 ion	or	electron	 irradiation	steps.	
Both	issues	are	likely	to	be	detrimental	to	the	electrical	conductivity	(as	possibly	responsible	
for,	 e.g.,	 the	 variability	 in	 the	 current	 flow	 during	 STM	 tests),	 whereas	 the	 former	 one	 is	














































and	 KFM	 tests.	 The	 carbon	 nanocone	 probes	 were	 then	 evaluated	 by	 controlling	 their	
performances	based	on	parameters	such	as	resolution,	durability	and	versatility.	However,	a	
major	 drawback	 of	 working	 on	 a	 variety	 of	 modes	 is	 to	 find	 the	 appropriate	 protocol	 for	
assessing	the	degree	of	suitability	of	the	probes	to	each	of	the	SPM	modes	tested.	This	work	
section	 was	 quite	 difficult	 because	 there	 is	 no	 specific	 protocol	 or	 probe	 standardization	
available	in	the	literature,	and	the	various	probe	suppliers	have	not	yet	developed	standardized	










From	 this	 table,	 it	 can	 be	 summarized	 that	 the	 main	 drawbacks	 are	 related	 to	 the	 cone	
alignment	 and	 the	mounting	 process.	 About	 the	 latter,	 it	 would	 be	worth	 investigating	 the	
incidence	 of	 the	 FEBID	 mounting	 process	 on	 the	 current	 or	 voltage	 sensitivity	 behavior	
observed	with	the	cones.	This	should	come	with	a	direct	measurement	of	the	conductivity	of	a	
carbon	cone,	and	also	of	a	whole	SSF	morphology.	
SPM	mode	 AFM	 PF-QNM	 C-AFM	 STM	 KFM	

























































































exhibit	a	good	potentiality	as	 probes	 for	a	 variety	of	 SPM	modes.	However,	 improvements	are	
needed	which	should	be	achievable	by	improving	the	cone/fiber	alignment	during	synthesis,	and	




while	 keeping	 the	 same	 probe.	 This	 could	 be	 particularly	 interesting	 when	 considering	
semiconductors	 or	 composite	materials.	 Overall,	 we	 believe	 that	 this	 work	 has	 contributed	 to	
demonstrate	that	carbon	nanocones	are	worth	being	investigated	as	carbon	nanoforms	of	high	
interest,	comparable	to	that	of	carbon	nanotubes.	Meanwhile,	we	also	believe	that	this	study	has	













































































































































































































































des	 propriétés	 physiques	 (électriques,	 thermiques	 et	 mécaniques)	 exceptionnelles	 et	
polyvalentes.	Celles-ci	se	sont	avérées	particulièrement	améliorées	dans	les	formes	de	carbone	






nanocônes	 de	 carbone.	 Les	 nanocônes	 de	 carbone	 peuvent	 présenter	 des	 caractéristiques	
géométriques	spécifiques	telles	qu'une	forme	en	aiguille,	un	rapport	d'aspect	élevé,	un	angle	de	




homologues	 nanotubes.	 Ils	 présentent	 également	 des	 propriétés	 thermiques	 et	 électriques	









source	 d'électrons	 à	 émission	 de	 champ	 froid	 dotée	 des	 meilleures	 performances	 jamais	
obtenues.	Ce	contexte	a	été	une	excellente	motivation	pour	étudier	les	mêmes	nanocônes	de	
carbone	en	vue	d'une	autre	application	prometteuse,	à	savoir	comme	sondes	pour	la	SPM.	La	
SPM	 vise	 à	 acquérir	 des	 images	 haute	 résolution	 de	 caractéristiques	 tridimensionnelles	 à	
l'échelle	 nanométrique	 et	 à	mesurer	 les	 propriétés	 locales	 d'une	 surface.	 Les	morphologies	
coniques	en	carbone	peuvent	combiner	la	stabilité	mécanique	d'un	cône	et	le	rapport	d'aspect	
élevé	d'un	cylindre	de	diamètre	étroit,	ce	qui	les	rend	potentiellement	supérieures	aux	NTCs	et	




techniques.	 En	 effet,	 peu	 d'études	 sont	 rapportées	 sur	 la	 synthèse,	 les	 propriétés	 et	 les	
applications	des	formes	coniques	de	carbone.	Les	formes	coniques	en	forme	d'aiguille	peuvent	
être	 produites	 par	 de	 nombreuses	méthodes	 telles	 que	 le	 dépôt	 chimique	 en	 phase	 vapeur	
(DCPV),	le	plasma,	etc.	La	plupart	de	ces	procédés	sont	limités	soit	au	niveau	du	rendement,	du	












moyen	 de	 procédés	 contrôlés,	 reproductibles,	 et	 faciles	 constituait	 une	 perspective	 très	










relativement	haut	 rendement	de	morphologies	uniques	 comportant	des	 cônes	de	 carbone	à	
géométrie	 et	 dimensions	 contrôlées,	 en	 particulier	 celles	 appelées	Spiky	 Bead	 (SB)	 et	Spiky	
Short	Fiber	(SSF).	La	structure	interne	du	cône	de	carbone,	sa	texture	et	sa	nanotexture	sont	
étudiées	 par	 microscopie	 électronique	 à	 balayage	 (MEB),	 microscopie	 électronique	 à	
transmission	(MET)	et	spectroscopie	Raman,	et	les	mécanismes	de	formation	sont	discutés	afin	







performance,	 la	 durabilité	 et	 la	 polyvalence	 des	 sondes.	 Tout	 au	 long	 de	 ces	 tests,	 des	
comparaisons	avec	des	sondes	commerciales	en	silicium	ou	en	métal	sont	également	effectuées.	















monde	des	 (nano)cônes	de	 carbone	est	 aussi	 vaste	que	 celui	des	NTCs,	 et	peut-être	encore	
même	plus	vaste,	car	ils	nécessitent	de	décrire	les	mêmes	paramètres	que	les	NTCs	(diamètre,	
nombre	de	parois,	angle	d'hélicité,	nanotexture,	texture,	structure)	mais	avec	des	paramètres	
spécifiques	 supplémentaires	 tels	 que	 l'angle	 du	 cône,	 de	 dislocation	 éventuelle	 et,	 d'une	
manière	générale,	le	type	de	défaut	structurel	(disinclinaison,	dislocation)	dont	ils	peuvent	être	
issus.	
Les	 cônes	 de	 carbone	 présentent	 donc	 des	 caractéristiques	 distinctes,	 qui	 dépendent	





cone-shaped	graphitic	whiskers,	Conical	 crystals	of	graphite,	 conical	 carbon	nanotube,	 conical	
carbon	tubular	structures,	pointed	carbon	nanotubes,	tubular	carbon	cones,	hollow	carbon	cones,	
conical	carbon	(nano)fibers,	 tubular	graphite	cones,	conical	carbon	protrusions.	Dans	tous	 les	
articles	 publiés,	 la	 nomenclature	 est	 très	 imaginative	 et	 figurative,	 abusivement	 diverse,	 et	
parfois	inappropriée,	donc	généralement	trompeuse.	
Mécanismes	de	croissance	:	la	plupart	des	raisons	pour	lesquelles	les	formes	coniques	sont	
générées	 ont	 été	 identifiées,	 soit	 structurales,	 (e.g.,	 par	 dislocation-coin,	 dislocation-vis,	
dislocation-coin	 radiale),	 soit	 texturales.	 Cependant,	 en	 raison	 de	 la	 caractérisation	
globalement	 médiocre	 et	 insuffisante,	 de	 la	 facilité	 de	 se	 référer	 à	 des	 modèles	 publiés	
précédemment	mais	non	encore	fermement	démontrés,	et	du	respect	dogmatique	de	certaines	
règles	géométriques	(par	exemple,	la	règle	du	pentagone,	voir	Fig.1)	qui	peuvent	s'appliquer	
aux	 formes	 moléculaires	 (cônes	 de	 graphène	 simple,	 structurellement	 parfaits,	 de	 taille	
























en	 raison	 de	 l'absence	 de	 défauts	 structuraux	 (par	 exemple,	 disinclinaison,	 dislocation…)	
capable	 d'affecter	 la	 morphologie	 extérieure	 globale.	 Par	 conséquent,	 la	 variété	 des	
morphologies	coniques	à	base	de	carbone	sp3	est	certainement	faible.	Cela	n'est	évidemment	






ressemblant	à	celles	d'autres	processus	connus	tels	que	 la	 formation	de	CNT	ou	 le	dépôt	de	
carbone	pyrolytique.		
 












Malheureusement,	 le	manque	 de	 caractérisation	 approfondie	 des	 cônes	 de	 carbone	 formés	
empêche	encore,	dans	une	large	mesure,	une	approche	déterministe	de	la	formation	des	cônes	
de	 carbone,	 capable	 de	 proposer	 et	 de	 prédire	 les	 bonnes	 conditions	 pour	 synthétiser	 des	














(i) Des	problèmes	de	synthèse,	puisque	pour	certains	 il	est	encore	difficile	de	contrôler	 la	





difficulté	 intrinsèque	 à	 contrôler	 l'emplacement	 précis	 et	 la	 manipulation	 d’un	 cône	
unique.	Soit	 les	cônes	doivent	pousser	à	 l'endroit	même	du	dispositif	où	 ils	doivent	se	
trouver	 lors	 de	 l'utilisation,	 par	 exemple	 à	 l'extrémité	 d'un	 cantilever	 d'AFM,	 soit	 ils	
doivent	être	saisis	et	manipulés	après	synthèse	pour	être	positionnés	au	bon	endroit.	La	


























Chapitre	2	:	 Synthèse	 et	 mécanismes	 de	 formation	 des	 nanocônes	 de	
carbone	par	DCPV	
	
Synthèse	des	morphologies	comportant	des	cônes	 :	 des	 cônes	bien	développés,	de	 taille	










contribuant	 différemment	 à	 la	 croissance	 du	 solide	 carboné,	 à	 savoir	 des	 hydrocarbures	




forme	 adoptée	 par	 cette	 phase	 liquide	 en	 interaction	 avec	 les	 NTCs	 dans	 le	 cadre	 de	 la	
compréhension	 globale	 des	 phénomènes	 de	mouillage,	 en	 particulier	 en	 ce	 qui	 concerne	 le	
mouillage	des	fibres	par	des	liquides	qui	implique	l'instabilité	dite	de	Plateau-Rayleigh	comme	
phénomène	moteur	(Fig.5).	Cela	a	permis	de	tirer	deux	conclusions	importantes	:		
(i) Il	 existe	 des	 preuves	 solides	 que	 la	 phase	 liquide	 se	 condense	 sous	 forme	 de	 film	







de	 phases	 liquides	 ayant	 des	 caractéristiques	 rhéologiques	 différentes,	 ces	 dernières	
étant	régies	par	les	conditions	de	synthèse.		
(ii) Cependant,	 dans	 certaines	 conditions,	 en	 raison	 de	 l'incompatibilité	 entre	 la	 valeur	
théorique	de	la	longueur	d'onde	onduloïdale	déduite	des	équations	relatives	à	l'instabilité	




























de	 graphènes,	 et	 pour,	 plutôt,	 suggérer	 fortement	 une	 disposition	 hélicoïdale	 d'un	 nombre	





























































Le	positionnement	et	 l'alignement	précis	 et	 contrôlé	des	 cônes	de	 carbone	par	 rapport	aux	
normes	 de	 SPM	 et	 au	 niveau	 des	 sondes	 Si	 standards	 n'ont	 pas	 pu	 être	 réalisés.	 Bien	 que	





Le	 rôle	 des	 défauts	 de	 surface	 des	 cônes	 de	 carbone	 dans	 leur	 mise	 en	 œuvre	:	 les	
morphologies	des	cônes	de	carbone	semblent	être	très	sensibles	aux	effets	d'irradiation,	soit	
par	des	électrons	ou	des	 ions	Ga,	voire	plus	sensibles	que	les	NTCs.	Comme	l'amorphisation	













Une	 telle	 sensibilité	 a	 été	 attribuée	 à	 la	 présence	 d'une	 grande	 quantité	 de	 terminaisons	
défectueuses	des	graphènes	(bords	libres,	défauts	de	type	boucle,	défauts	en	forme	de	type	zip)	
à	 la	 surface	 du	 cône,	 par	 rapport	 aux	 NTCs.	 Cela	 empêche	 toute	 étude	 structurale	 et	
nanotexturale	 fiable	 des	 cônes	 de	 carbone	 tels	 que	 synthétisés	 par	 MET	 haute	 résolution	
utilisant	des	électrons	de	100	keV	d'énergie,	pour	 lesquels	un	maximum	de	80	keV	est	sans	









cônes	 en	 carbone	 montés	 par	 FEBID	 semblent	 n'avoir	 été	 que	 légèrement	 affectés	 par	 le	
processus,	tandis	que	le	processus	de	collage	semble	ne	pas	avoir	affecté	du	tout	la	structure	
du	cône	(cependant,	une	confirmation	de	ceci	par	une	étude	du	en	MET	à	80	keV	est	encore	à	













part,	 l'avantage	 du	 procédé	 de	 montage	 FEBID	 est	 que	 les	 sondes	 SPM	 obtenues	 de	 cette	
manière	 peuvent	 être	 véritablement	 multimodes	 (Fig.10),	 c'est-à-dire	 qu'elles	 peuvent	















Les	 résultats	de	 ce	 chapitre	ont	été	partiellement	publiés	dans	 [Puech	et	al,	 J.	 Carbon	Res.	 5	
(2019)	69].	
Figure	10	:	 Exemple	 d'une	 sonde	
multimode	ici	soudée	par	FIBID	(une	sonde	
soudée	 par	 FEBID	 a	 le	même	 aspect).	 En	
jaune	:	le	cantilever	en	Si	dopé	par	Sb	;	En	
bleu	:	une	morphologie	en	carbone	de	type	
SSF	 déposée	 dans	 la	 gorge	 du	 cantilever	









































Nom de la pointe GR12-C12-57 GR10-C08-65 ZeR09-C11-32 TESPA-V2 
Force de contact 25 nN 50 nN 120 nN 30 nN 
Déformation moyenne du PS  1 nm 1.5 nm 2 nm 1.5 nm 
Module d’Young du PS 









Déformation moyenne du PE  25 nm 14 nm 2 nm 25 nm 
Module d’Young du PE 








































I/V	de	 l'échantillon	étudié.	Ceci	 est	 cohérent	avec	 la	 constatation	que	 les	sondes	nanocônes	
montrent	une	conductance	globale	similaire	ou	même	légèrement	supérieure	à	celle	obtenue	












du	 cône	 causée	 par	 le	 degré	 variable	 d'amorphisation,	 qui	 ajoute	 une	 barrière	 au	 flux	
Figure	14	:	 Courbes	 I-V	 mesurées	 avec	 la	 sonde	
nanoconique	en	carbone		n°ZeR06-C11-14	réalisées	sur	
(a)	 un	 substrat	 HOPG	 (highly	 oriented	 pyrolytic	
graphite),	et	(b)	une	nanoparticule	d'Au.	Les	encadrés	
en	(a)	et	(b)	correspondent	à	des	zooms	sur	les	courbes	
I-V	 où	 les	 dispersions	 de	 courant	 ΔI1	 et	 ΔI2	 sont	
extraites	 pour	 différentes	 tensions	 appliquées.	 (c)	








d'électrons	 dans	 le	 processus	 de	 tunneling,	 et	 aux	 conditions	 environnementales,	 non	
optimales.	Des	recherches	supplémentaires	doivent	être	menées	afin	de	confirmer	cela.	
	









un	 tel	mode	 SPM,	 les	 sondes	 en	 carbone	montrent	 un	 signal	 similaire,	 et	 dans	 certains	 cas,	
mieux	résolu	et	plus	intense	(Figs.17-18).		
	











Cependant,	 une	 résolution	 latérale	 légèrement	 plus	 faible	 et	 des	 images	 plus	 bruyantes	ont	
parfois	été	observées.	La	résolution	latérale	pourrait	être	améliorée	en	utilisant	des	cantilevers	






et	de	 tension.	Une	 étude	 soigneuse	et	plus	approfondie	devrait	 être	menée	pour	 le	vérifier.	
D'autre	part,	la	raison	pour	laquelle	les	sondes	en	carbone	montrent	une	meilleure	sensibilité	
parfois	comme	le	révèle	un	meilleur	contraste	dans	les	images	KFM	ne	peut	pas	résulter	de	la	









fabrication	 de	 sondes	 SPM	 à	 base	 de	 SSF	 pour	 assurer	 les	 caractéristiques	 géométriques,	




















l'origine	 de	 la	 forme	 conique,	 est	 proposée	 :	 (i)	 structurale,	 (ii)	 texturale	 et	 (iii)	 liée	 aux	
procédés.	 Le	 premier	 type	 implique	 la	 génération	 de	 formes	 coniques	 par	 l'existence	 de	
dislocations	ou	de	disinclinaisons	dans	 le	réseau	de	graphène	 ;	 le	second	type	correspond	à	
celles	générées	par	la	façon	dont	les	couches	de	graphène	sont	disposées	par	rapport	à	l'axe	de	
croissance,	 bien	 que	 non	 en	 relation	 avec	 un	 défaut	 structural	 ;	 et	 le	 dernier	 type	 est	
principalement	généré	pendant	ou	après	un	procédé	ou	des	 conditions	de	 croissance	ou	de	
traitements	 post-croissance	 particuliers,	 quelles	 que	 soient	 la	 structure	 et	 la	 texture.	 Cette	




la	 littérature	 devraient	 être	 revus	 afin	 d'atteindre	 une	 meilleure	 cohérence	 avec	 d'autres	
concernant	le	type	de	cônes	formés	et	les	mécanismes	de	croissance	associés,	ou	même	plus,	
pour	déterminer	la	structure	du	carbone	impliquée.	À	cet	égard,	la	même	situation	de	confusion	




morphologies	de	 cônes,	 en	particulier	 la	morphologie	dite	SSF,	 telle	que	préparée	 lors	d'un	
précédent	 travail	 de	 thèse	 réalisé	 avec	 un	 laboratoire	 partenaire	 aux	 Etats-Unis	 (Applied	
Science	Inc.)	au	moyen	du	dépôt	DCPV	de	carbone	pyrolytique	sur	des	nanotubes	de	carbone	
individuels,	 et	 (ii)	 la	 confirmation	des	mécanismes	de	dépôt	puis	de	 croissance	 initialement	
proposés.	En	conséquence,	une	série	d'expériences	a	été	menée,	en	commençant	par	une	étude	
paramétrique	 afin	 de	 trouver	 les	 conditions	 les	 plus	 appropriées	 ayant	 un	 impact	 sur	 la	
composition	 de	 la	 phase	 gazeuse	 et	 la	 concentration	 des	 espèces,	 puis	 sur	 le	 type	 de	








espèces,	 qui	 génère	 des	 événements	 complexes	 et	 dynamiques,	 généralement	 des	 réactions	
multiples	 de	 craquage	 et	 de	 recombinaison	 dont	 les	 résultats	 sont	 difficilement	 prévisibles	
puisqu'ils	correspondent	à	des	conditions	hors	équilibre.	La	température	et	 le	 temps	de	vol	







tirés	 de	 la	 littérature,	 nous	 avons	 conclus	 que,	 comme	 le	 proposait	 le	 travail	 antérieur,	 le	
processus	de	maturation	devait	aboutir	à	la	formation	conjointe	de	radicaux	et	d'hydrocarbures	
polyaromatiques	 (HAP)	 qui	 se	 déposent	 ensuite	 tous	 deux	 sur	 les	 NTCs	 (les	 premiers	 se	
chimisorbent	sur	des	sites	actifs	tels	que	les	bords	du	graphène,	les	seconds	se	physisorbent	
sur	 toute	 surface).	Cette	dualité	est	 la	seule	 façon	d'expliquer	 la	 formation	concomitante	de	











rapport	 HAP	 sur	 radicaux	 plus	 élevé	 que	 celui	 nécessaire	 à	 la	 formation	 des	 SB.	 Pour	 un	
prochain	 travail,	 nous	 avons	 donc	 proposé	 d'envisager	 des	 temps	 de	 vol	 plus	 longs	 à	 la	
température	maximale	de	consigne	(1390°C)	en	étudiant	les	dépôts	obtenus	dans	la	partie	aval	
du	four	au-delà	du	centre	de	la	zone	isotherme,	ce	qui	a	été	ignoré	dans	cette	étude.	Cela	sera	
facilité	par	 le	 fait	que,	dans	ce	travail,	un	seuil	minimal	pour	 le	débit	 total	ainsi	que	pour	 le	






phénomène	 dit	 d'instabilité	 de	 Plateau-Rayleigh	 joue	un	 rôle	majeur	 dans	 le	mécanisme	de	
dépôt	de	la	phase	liquide	riche	en	HAPs	sur	le	support	que	sont	les	NTCs.	C'est	la	première	fois	
que	l'existence	de	ce	processus	physique	spécifique	est	révélée	dans	le	mécanisme	général	du	









En	 ce	 qui	 concerne	 la	 texture	 interne	 des	 cônes,	 qui	 est	 en	 quelque	 sorte	 liée	 à	 leur	
mécanisme	 de	 croissance,	 nous	 en	 sommes	 venus	 à	 rejeter	 l'arrangement	 en	 cylindres	 de	
graphènes	concentriques	proposé	dans	 les	 travaux	antérieurs	et	à	 lui	préférer	 le	modèle	de	
graphènes	 enroulés	 de	 façon	 hélicoïdale	 à	 la	 place.	 Cette	 nouvelle	 vision	 est	 basée	 sur	 la	
présence	de	marches	en	 spirale	à	 la	 surface	du	cône,	 le	 comportement	de	déroulement	des	
graphènes	 lors	de	 l'injection	de	charges,	et	 le	décalage	entre	 les	bords	opposés	d'une	même	
couche	de	graphène	de	part	et	d'autre	de	l'axe	du	cône	révélé	par	la	MET,	qui	n'évoque	pas	un	
cylindre	régulier.	D'une	part,	cela	est	conforme	à	la	littérature	qui	montre	que	cette	disposition	






assoie	 notre	 prédiction	 d'excellente	 résistance	mécanique	 et	 conductivité	 électrique	 de	 ces	
cônes.	L'étude	a	également	permis	d'identifier	un	type	spécifique	de	terminaison	du	graphène	
(bords	 "zippés"	d'une	paire	de	graphènes)	 considéré	 comme	un	défaut	par	 la	spectroscopie	
Raman,	dont	l'existence	est	révélée	par	une	signature	Raman	spécifique	basée	sur	une	valeur	
sans	 précédent	 de	 1.5	 pour	 le	 rapport	 ID/ID',	 qui	 est	 la	 plus	 faible	 jamais	 trouvée	 dans	 la	
littérature.	






































Figure	 19	:	 Exemple	 de	 la	 sonde	 n°ZeR11-C20-35	 montrant	 une	 fixation	 possiblement	 faible,	 sans	matériau	 de	
soudure	d'un	côté,	et		avec	du	matériau	de	soudure	faiblement	adhérent	de	l'autre	côté.	
Enfin,	le	principal	inconvénient	de	ce	procédé	est	qu'il	ne	permet	pas	de	préparer	des	sondes	










Enfin,	 en	 ce	 qui	 concerne	 les	 tests	 SPM,	 comme	 indiqué	 au	 Chapitre	 4,	 deux	 choix	 étaient	
possibles	 :	 (i)	 approfondir	 une	 technique	 SPM	 spécifique	 sélectionnée,	 ou	 (ii)	 explorer	 la	
capacité	 multimodale	 vraisemblablement	 permise	 par	 les	 caractéristiques	 de	 la	 sonde	 en	























sondes	 n'ont	 pas	 encore	 développé	 de	 procédures	 de	 mesure	 SPM	 standardisées.	 Par	
conséquent,	la	plupart	de	nos	protocoles	d'essai	ont	consisté	à	comparer	qualitativement	les	
images	prises	avec	les	sondes	en	carbone	par	rapport	à	des	sondes	du	commerce	considérées	
comme	des	 références,	 puis	 à	 vérifier	 l'éventuelle	 évolution	 du	 rapport	 forme/aspect	 et	 du	
rayon	de	pointe	des	sondes	consécutivement	aux	tests	SPM.	
Le	 tableau	 ci-dessous	 (Tableau2)	 rassemble	 les	 principales	 performances,	 limites	 et	
améliorations	possibles	des	sondes	en	nanocônes	de	carbone	pour	les	différents	modes	testés.	
A	partir	de	ce	tableau,	on	peut	dire	que	les	principaux	inconvénients	sont	liés	à	l'alignement	du	




En	 conclusion	 générale,	 ces	 travaux	 ont	 démontré	 que	 les	 morphologies	 SSF,	 grâce	 aux	
nanocônes	 de	 carbone	 qu'elles	 comportent,	 présentent	 une	 bonne	 potentialité	 en	 tant	 que	




du	 bord	 de	 la	 gorge.	 Une	 fois	 ces	 limitations	 surmontées,	 les	 portes	 seront	 ouvertes	 à	 une	
application	 de	 niche	 en	 tant	 que	 sondes	 SPM	multimodes	 permettant	 la	 caractérisation	 de	
plusieurs	propriétés	d'une	même	surface	d'échantillon	tout	en	gardant	 la	même	sonde.	Cela	
pourrait	 être	 particulièrement	 intéressant	 dans	 le	 domaine	 des	 semi-conducteurs	 ou	 des	
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modes	(qu'ils	 soient	 conducteurs	ou	non).	Ces	 limitations	sont	 causées	principalement	par	 le	 type	de	




à	 champ	proche.	 Ces	nanocones	présentent	d’excellentes	propriétés	mécaniques	 (forte	 liaison	 C-C)	 et	
électriques.	Ces	derniers	ont	déjà	été	testés	avec	succès	et	brevetés	en	tant	qu’émetteurs	d'électrons	pour	
les	canons	à	émission	de	champ	froid	équipant	les	microscopes	électroniques	par	transmission	les	plus	
performants.	 Ces	 diverses	 caractéristiques	 des	 nanocônes	 (facteur	 de	 forme,	 apex	 nanométrique,	
conductivité,	stabilité	mécanique,	forte	cohésion	atomique)	et	d'autres	(hydrophobicité,	inertie	chimique,	
morphologie	 multi-échelle	 micro-nano…)	 font	 qu'ils	 pourraient	 également	 constituer	 une	 solution	
prometteuse	 pour	 concevoir	 des	 sondes	 potentiellement	 supérieures	 aux	 sondes	 existantes,	 qu'elles	





nucléation	 en	 phase	 hétérogène	 spécifiques	 de	 la	 CVD	 du	 carbone	 pyrolytique,	 et	 d'autre	 part	 des	
mécanismes	 de	 mouillabilité	 impliquant	 de	 phénomènes	 connus	 du	 domaine	 comme	 l'instabilité	 de	
Plateau-Rayleigh.	 Le	 montage	 des	 nanocônes	 sur	 des	 supports	 dédiés	 en	 tant	 que	 sondes	 pour	
microscopies	 à	 champ	proche	 est	 ensuite	 réalisé,	 suivi	 par	des	 études	de	 caractérisation	 (SEM,	 TEM,	































manufacturing	processes	 used	 to	 structure	 the	 geometry	 of	 the	 probes.	 In	 this	work,	we	 study	 the	
potential	 of	 carbon	 nanocones	 (graphenic	 carbonaceous	 morphology	 with	 conical	 shape	 with	 high	
aspect	ratio	and	nanosized	apex)	for	different	modes	of	near-field	microscopy.	These	nanocones	exhibit	
excellent	mechanical	(strong	C-C	bond)	and	electrical	properties.	They	have	already	been	successfully	
tested	 and	 patented	 as	 electron	 emitters	 for	 the	 cold-field-emission	 guns	 which	 equip	 the	 most	
performing	transmission	electron	microscopes.	These	various	characteristics	of	the	nanocones	(aspect	
ratio,	 nanosized	 apex,	 conductivity,	 mechanical	 stability,	 strong	 atomic	 cohesion)	 and	 others	
(hydrophobicity,	 chemical	 inertia,	 multiscale	micro-nano	morphology…),	 make	 that	 they	 could	 also	














(PF-QNM)	 mode,	 as	 well	 as	 for	 conductive	 modes	 such	 as	 scanning	 tunneling	 microscopy	 (STM),	
conductive	 atomic	 force	microscopy	 (c-AFM),	 and	Kelvin	 force	microscopy	 (KFM)	 is	 evaluated.	This	
evaluation	is	made	on	the	basis	of	(i)	performances;	(ii)	durability;	(iii)	versatility.	The	final	goal	is	to	
compare	 the	 performance	 of	 the	 carbon	 nanocone	 probes	 with	 other	 commercial	 probes.	 Carbon	
nanocones	 reveal	 to	 truly	 be	 multimode	 probes	 with	 few	 existing	 counterparts	 nowadays.	
Improvements	are	needed	and	possible,	for	which	directions	are	proposed.	
	
Key	words:	carbon,	CVD,	nanocones,	near	field	microscopy,	AFM	probes.	
